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The dark photon is a new gauge boson whose existence has been conjectured. It is dark
because it arises from a symmetry of a hypothetical dark sector comprising particles
completely neutral under the Standard Model interactions. The dark photon can be
detected in our experiments because of its kinetic mixing with the ordinary, visible
photon. We review its physics from the theoretical and the experimental point of view.
We discuss the difference between the massive and the massless case. We explain how
the dark photon enters laboratory, astrophysical and cosmological observations as well
as dark matter physics. We survey the current and future experimental limits on the
parameters of the massless and massive dark photons together with the related bounds
on milli-charged fermions.
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2I. INTRODUCTION
New particles beyond the Standard Model (SM) have
always been thought to be charged under at least some
of the same gauge interactions of ordinary SM particles.
This assumption has driven the theoretical speculations
as well as the experimental searches of the last 50 years
but it has also been increasingly challenged by the nega-
tive results of all these searches—and the mounting frus-
tration for the failure to discover any of these hypothet-
ical new particles.
As the hope of a breakthrough along these lines is wan-
ing, interest in a dark sector—dark because not charged
under the SM gauge groups—is growing: Maybe no new
particles have been seen simply because they do not in-
teract through the SM gauge interactions.
The dark sector may contain few or many states, and
these can be fermions or scalars or both, depending on
the model. Dark matter proper is found among these
states, whose relic density can be computed and con-
strained by observational data. In addition, these dark
states can interact; their interactions can be Yukawa-like
or mediated by dark gauge bosons or both depending on
the model.
If the dark and the visible sectors were to interact only
gravitationally—which they cannot avoid—there would
be little hope of observing in the laboratory particles be-
longing to the dark sector. A similar problem exists for
dark matter: Although its presence is motivated by grav-
itational physics, it is searched mostly through its pu-
tative weak interactions—as in the direct- and indirect-
detection searches of a weakly interacting massive parti-
cle as dark matter candidate. For the same reason, we
must pin our hopes on assuming that dark and ordinary
sectors also interact through a portal—as the current ter-
minology has it—that is, through a sallow glimmer, in a
manner that, though feeble, is (at least in principle) ex-
perimentally accessible.
The portal consists of relevant operators that can take
various forms depending on the spin of the mediator:
Vector (spin 1), Neutrino (spin 1/2), Higgs (scalar) and
Axion (pseudo-scalar) portals are the best motivated and
most studied.
Among these possible portals (see appendix A), the
vector portal is the one where the interaction takes place
because of the kinetic mixing between one dark and one
visible Abelian gauge boson (nonAbelian gauge bosons
do not mix). The visible photon is taken to be the boson
of the U(1) gauge group of electromagnetism—or, above
the electroweak symmetry-breaking scale, of the hyper-
charge—while the dark photon1 comes to be identified as
1 The names para- (Holdom, 1986b), hidden-sector -, secluded pho-
ton and U-boson (Fayet, 1990) have also being used to indicate
this particle.
the boson coming from an extra U(1) symmetry (Georgi
et al., 1983; Okun, 1982).
This idea of a portal—which at first blush might seem
rather harmless—actually represents a radical departure
from what is the main conceptual outcome of our study
of particle physics, namely, the gauge principle and idea
that all interactions must be described by a gauge theory.
The portal, and the new interactions that it brings into
the picture, adds a significant exception to this princi-
ple. Among the possible portals, the vector case deviates
the least from the gauge principle as it only introduces
a mixing for the gauge bosons while the interaction to
matter remains of the gauge type (albeit with an un-
quantized charge). Instead, the other kinds of portal im-
ply a manifest new violation to the gauge principle, the
other’s being the notable case of the Yukawa and self-
interactions of the Higgs boson—which are themselves,
exactly because of their not being gauge interactions, the
least understood and mysterious part of the SM.
There is an additional and important reason to study
the dark sector in general, and the dark photon in par-
ticular: The main motivation in introducing new-physics
scenarios is to use them as a foil for the SM in map-
ping possible experimental discrepancies. In the absence
of clearly identified new states, the many parameters,
for instance, of the minimal supersymmetric SM or even
of the effective field theory approach to physics beyond
the SM, are working against their usefulness. Instead,
each dark sector can be reduced to few parameters—to
wit, just two in the case of the dark photon—in terms of
which the possible discrepancies with respect to the SM
are more effectively mapped in the experimental searches
and the potential discovery more discernible.
As explained in detail in section I.A, there are actu-
ally two kinds of dark photons: The massless and the
massive—whose theoretical frameworks as well as exper-
imental signatures are quite distinct. They give rise to
dark sectors with different features; their characteristic
physics and experimental searches are best reviewed sep-
arately. The massive dark photon has been receiving so
far most of the attention because it couples directly to the
SM currents and is more readily accessible in the exper-
imental searches. The massless dark photon arises from
a sound theoretical framework and, as we shall argue,
provides, with respect to the massive case, a comparably
rich, if perhaps more challenging, experimental target.
We look into the ultraviolet (UV) completion of these
models in section I.B to better understand the origin of
their interactions with the SM particles. Section I.C de-
scribes the interplay between the dark photon and dark
matter and introduces many of the definitions used in
the experimental searches. We discuss all the constrains
currently known for the massless case in section II and
for the massive case in section III. At the best of our
knowledge, these two sections provide the reader with a
comprehensive review of the physics of the dark photon.
3We collect in three appendices a number of definitions
and equations—which the reader may find useful to bet-
ter follow the discussion in the main text.
In the past few years a number of reports on the dark
sector (and the massive dark photon within it) have been
published (Alekhin et al., 2016; Alexander et al., 2016;
Beacham et al., 2019; Curciarello, 2016; Deliyergiyev,
2016; Essig et al., 2013; Hewett et al., 2012; Raggi and
Kozhuharov, 2015). The interested reader can therein
find different points of view to complement the present
review as well as additional details on the other portals.
A previous discussion of the astrophysical, cosmological
and other constraints for the massless dark photon is con-
tained in (Dobrescu, 2005).
A. Massless and massive dark photons
It is useful to identify from the very beginning two
kinds of dark photons:
- the massless kind, which, as we are about to show,
does not couple directly to any of the SM currents
and interacts instead with ordinary matter only
through operators of dimension higher than four;
- the massive kind, which couples to ordinary matter
through a current (with arbitrary charge), that is,
a renormalizable operator of dimension four. The
massless limit of this case does not correspond to
the massless case above.
Because of their different coupling to SM particles, the
two kinds are best discussed separately.
Let us first consider the massless case. As first dis-
cussed in (Holdom, 1986b) in this case the classical La-
grangian can be diagonalized. What happens at the
quantum level and how the mixing manifests itself has
been analyzed in detail in (del Aguila et al., 1995) for
the unbroken gauge theory as well as the spontaneously
broken case (see, also, the appendix of (Feldman et al.,
2007) which we mostly follow).
The most general kinetic part of the Lagragian of two
U(1)a and U(1)b gauge bosons is
L0 = −1
4
FaµνF
µν
a −
1
4
FbµνF
µν
b −
ε
2
FaµνF
µν
b . (1)
The gauge boson Aµb is taken to couple to the current
Jµ of ordinary SM matter, the other, A
µ
a , to the current
J ′µ, which is made of dark-sector matter:
L = e JµAµb + e′J ′µAµa , (2)
with e and e′ the respective coupling constants.
The kinetic terms in Eq. (1) can be diagonalized by
FIG. 1 Coupling of the ordinary (Aµ) and dark (A
′
µ) photon
to the SM and dark-sector (DS) particles for the two choices
of the angle θ discussed in the text. e and e′ are the couplings
of the ordinary and dark photons to their respective sectors.
rotating the gauge fields as
(
Aµa
Aµb
)
=
 1√1− ε2 0
− ε√
1− ε2 1
( cos θ − sin θ
sin θ cos θ
)(
A′µ
Aµ
)
,
(3)
where now we can identify Aµ with the ordinary photon
and A′µ with the dark photon. The additional orthogonal
rotation in Eq. (3) is always possible and introduces an
angle θ which is arbitrary as long as the gauge bosons
are massless.
After the rotation in Eq. (3), the interaction La-
grangian in Eq. (2) becomes
L′ =
[
e′ cos θ√
1− ε2 J
′
µ + e
(
sin θ − ε cos θ√
1− ε2
)
Jµ
]
A′µ
+
[
− e
′ sin θ√
1− ε2 J
′
µ + e
(
cos θ +
ε sin θ√
1− ε2
)
Jµ
]
Aµ.(4)
By choosing sin θ = 0 (cos θ = 1) (see right-side of Fig. 1)
we can have the ordinary photon Aµ coupled only to the
ordinary current Jµ while the dark photon couples to
both the ordinary and the dark current J ′µ, the former
with strength εe/
√
1− ε2 proportional to the mixing pa-
rameter ε. The Lagrangian is therefore:
L′ =
[
e′√
1− ε2 J
′
µ −
eε√
1− ε2 Jµ
]
A′µ + eJµAµ . (5)
Vice versa, with the choice sin θ = ε and cos θ =√
1− ε2 (see left-side of Fig. 1), we have the opposite
situation with the dark photon only coupled to the dark
current and the ordinary photon to both currents, with
strength εe/
√
1− ε2 to the dark one. This latter coupling
between the dark-sector matter to the ordinary photon is
called a milli-charge. Its value is experimentally known
to be small (Davidson et al., 2000). The dark photon
sees ordinary matter only through the effect of operators
like the magnetic moment or the charge form factors (of
dimension higher than four). This is the choice defining
4the massless dark photon proper:
L′ = e′J ′µA′µ +
[
− e
′ε√
1− ε2 J
′
µ +
e√
1− ε2 Jµ
]
Aµ (6)
If the gauge symmetry is spontaneously broken, the
diagonalization of the mass terms locks the angle θ to
the value required by the rotation of the gauge fields to
the mass eigenstates and we cannot have that one of the
two currents only couples to one of the two gauge bosons.
This is also the case when the U(1) gauge bosons ac-
quire a mass by means of the Stueckelberg Lagrangian
(see (Ruegg and Ruiz-Altaba, 2004) for a review and the
relevant references)
LStu = −1
2
M2aAaµA
µ
a −
1
2
M2bAbµA
µ
b −MaMbAaµAµb .
(7)
In this case, as in the spontaneously broken case, the
angle θ is fixed and equal to
sin θ =
δ
√
1− ε2√
1− 2δε+ δ2 cos θ =
1− δε√
1− 2δε+ δ2 (8)
where δ = Mb/Ma, and we have no longer the freedom
of rotating the fields as in Eq. (3). The Lagrangian in
Eq. (4) is now
L′′ = 1√
1− 2δε+ δ2
[
e′ (1− δε)√
1− ε2 J
′
µ +
e (δ − ε)√
1− ε2 Jµ
]
A′µ
+
1√
1− 2δε+ δ2
[
eJµ − δe′J ′µ
]
Aµ . (9)
The case of spontaneously broken symmetry can be
distinguished from the Stueckelberg mass terms because
the former will give rise to processes in which the dark
photon is produced together with the dark Higgs boson,
the vacuum expectation value of which hides the symme-
try.
Whereas the Lagrangian in Eq. (9) is the most general,
the simplest and most frequently discussed case consists
in giving mass directly to only one of the U(1) gauge
bosons so that, for instance, Mb = 0 in Eq. (7), the mass
states are already diagonal. Even in this simple case, the
mass term removes the freedom of choosing the angle
θ in Eq. (3). With this choice, δ = 0 in Eq. (9), the
ordinary photon couples only to ordinary matter and the
massive dark photon is characterized by a direct coupling
to the electromagnetic current of the the SM particles (in
addition to that to dark-sector matter) and described by
the Lagrangian
L ⊃ − eε√
1− ε2 JµA
′µ ' −e ε JµA′µ , (10)
as in Eq. (5) above. This is the choice defining the mas-
sive dark photon. The coupling of the massive dark pho-
ton to SM particles is not quantized—taking the arbi-
trary value eε. Because of this direct current-like cou-
pling to ordinary matter, it is the spontaneously broken
or Stueckelberg massive dark photon that is mostly dis-
cussed in the literature and considered in the experimen-
tal proposals.
Notice that the massive dark photon has the same
couplings as the massless dark photon after choosing
sin θ = 0 (right-side of Fig. 1); this case therefore repre-
sents the limit of vanishing mass of the massive dark pho-
ton. On the contrary, the massless dark photon proper—
corresponding to the choice tan θ =
[
ε/
√
1− ε2]—is not
related to any limiting case of the massive dark photon.
There are no electromagnetic milli-charged particles in
the massive case; they are present only if both U(1) gauge
groups are spontaneously broken (or equivalently Mb 6= 0
in the Stueckelberg Lagrangian in Eq. (7))—which is not
the case of our world where the photon is massless.
1. Kinetic mixing: Electric or hyper-charge?
There seems to be the choice in the kinetic mixing
in Eq. (1) between the U(1)e.m. group of electric charge
and the U(1)Y group of the hyper-charge, with mix-
ing parameter ε defined as in Eq.(1). Concerning the
massless dark photon, these two choices give rise to the
same physics, since the dark photon remains decoupled
from the SM fields at the tree-level. The only difference
is that the photon and Z-boson are now both coupled
to the dark-sector current, with eDε/
√
1− ε2 cos θW and
eDε/
√
1− ε2 sin θW strength, respectively.
Let now consider the massive dark-photon coupling to
hyper-charge. In this case it is convenient to parametrize
the coupling of the dark photon to the hyper-charge as
L˜ = − ε
2 cos θW
F˜ ′µνB
µν . (11)
The usual diagonalization of the gauge bosons W 3µ and
Bµ now includes also the dark photon A˜
′
µ (in the non-
diagonal basis) so that the physical gauge bosons Zµ and
Aµ also contain a dark-photon component A
′
µ in the mass
eigenstate basis. In particular, at the O(ε) in the expan-
sion, we have W 3µBµ
A˜′µ
 =
 cW sW −sW ε−sW cW −cW ε
tW ε 0 1
  ZµAµ
A′µ
 , (12)
where cW , sW and tW are the usual cosine, sine, and tan-
gent of the Weinberg angle θW , respectively. New cou-
plings of the massive dark photon to the SM fermions ap-
pear for the photon and the Z gauge boson up to O(ε2):
L ⊃ −e εJµA′µ + e′ ε tWJ ′µZµ + e′Jµ′A′µ , (13)
where Jµ is the EM current, while J
′
µ and e
′ are the mat-
ter current and coupling of the dark-photon in the dark
sector, respectively. After integrating out the Z boson,
5we see that the coupling of the massive dark photon to
the SM fermions is recovered as −eε.
Which coupling is used depends then only on the en-
ergy of the processes considered, with the direct coupling
to the photon for all processes below the electroweak scale
breaking, and the hyper-charge above it. Since all lim-
its are to be considered approximately within the order
of magnitude, the presence of the factor cW in the def-
inition in Eq. (11) does not matter. The Lagrangian in
Eq. (13) shows that, if the mixing is between the dark
photon and the hyper-charge, the Z gauge boson acquires
a milli-charged coupling strength e′ tW ε to the dark sec-
tor current.
For completeness, let us also recall two other possibil-
ities that have been discussed in the literature:
- There is no kinetic mixing as in Eq. (1) but the
mass term between the dark photon and the Z-
boson is taken non-diagonal and therefore giving a
mixing between these two states (Appelquist et al.,
2003; Babu et al., 1998; Davoudiasl et al., 2012;
Galison and Manohar, 1984; He et al., 1991). The
dark photon is named the dark Z and there are
characteristic experimental signatures in parity vi-
olating processes and the coupling to neutrinos;
- The B − L global symmetry (or other conserved
flavor symmetries) are gauged and taken to be the
U(1) group of the dark photon, which mixes with
the hyper-charge (Bauer et al., 2018; Fayet, 2017;
Heeck, 2014). There is direct coupling to the SM
fermions in this case and the dark photon is no
longer dark.
This and other generalizations—as the dark photon to
be considered a Kaluza-Klein state in a model with large
extra-dimensions (Rizzo, 2018)—and other epicycles that
can be added to the basic idea—should be borne in mind
although their implementation is not discussed in this
review.
2. Embedding in a nonAbelian group
In the massless case, the ordinary photon still couples
to the dark sector with a milli-charge εe. As reviewed in
the next section, there are very stringent limits on the size
of such a milli-charge, at least for reasonably light dark
states. To avoid the necessity of assuming a very small
milli-charge, one can assume that the dark U(1) group is
a symmetry left over after the spontaneous breaking of a
larger nonAbelian group.
The simplest realization of this symmetry breaking is
provided by the group SU(2) spontaneously broken to
U(1) by the vacuum expectation value of the neutral
component of a scalar field in the adjoint representation.
In this scenario, the mixing term in Eq. (1) cannot be
written because the larger group has traceless generators.
The absence of mixing is in this case protected against
radiative corrections and the dark and the ordinary pho-
tons see only their respective sectors (at least through
renormalizable operators).
This scenario is also suggested by the extra Landau
pole that otherwise would be present—assuming that the
Landau pole of the ordinary U(1) is removed by the em-
bedding of the SM in a scenario of grand unified theory.
If we assume that the dark photon arises from a non-
Abelian group, there is no milli-charged coupling of the
dark sector to ordinary photons. On the other hand, all
states in the dark sector must come as multiplets of the
nonAbelian group and the possible experimental signa-
tures of this additional structure can be searched for.
B. UV models
Because the massive dark photon couples directly to
the SM electromagnetic current, its phenomenology is
rather independent of the details of the underlaying UV
completion. The two parameters ε and mA′ suffice to
fully describe the experimental searches.
The case of the massless dark photon is more com-
plicated because the coupling to the SM particles only
takes place through higher order operators whose struc-
ture heavily depends on the underlaying UV model. Even
though it is possible to frame the experimental search in
terms of the effective scale of these operators (as we do
in section II), the limits thus found begs to be framed in
terms of the UV model parameters, namely the masses
and the coupling of the dark sector states, in addition
to the dark photon itself. For this reason, it is useful in
this case to introduce a minimal UV model (as we do
in section II.C) to provide the relationships among the
parameters of the model and thus possible to relate dif-
ferent limits that are instead independent or not present
under the portal interaction.
1. Massive dark photon: Origin and size of the mixing
parameter
The size of the mixing parameter ε is arbitrary. It is
this feature that makes the charge not quantized. At the
same time, it cannot be O(1) because, if so, the massive
dark photon would have already been discovered.
A natural suppression of ε is achieved if the mixing
only comes as a correction at one- or two-loop level in
some UV completion. This is achieved in a natural man-
ner if the tree-level mixing is set to zero. One looks for the
renormalization of the model and introduces the neces-
sary counter-terms, of which the mixing in Eq. (1) is one.
If there are states in the UV completion carrying both
ordinary and dark charges, the loop of these states gener-
ates the mixing but it comes suppressed by the loop fac-
6tor (neglecting logarithmic terms) and therefore of order,
say, 1/(16pi2) times the square of the coupling constant
and therefore approximately O(10−3), for a perturbative
value of such a coupling. One can further suppress such
a term by assuming that the states carrying both charges
come in doublets of opposite dark charges. In this case,
the first contribution is at the two-loop level, and ap-
proximately of order O(10−5). If the mixing originates
in the exchange of heavy messenger fields (Essig et al.,
2009) or in a multi-loop contribution (Gherghetta et al.,
2019), its value can be smaller.
Even smaller values of the parameter ε are expected
if the origin of the mixing is non-perturbartive; for ex-
ample, values between O(10−12) and O(10−6) have been
discussed—mostly within the broad heading of string
compactification (Abel and Schofield, 2004; Abel et al.,
2008; Dienes et al., 1997; Goodsell, 2009; Goodsell et al.,
2009; Heckman and Vafa, 2011), or in scenarios of SUSY
breaking (Arkani-Hamed and Weiner, 2008) and hidden
valley (Chan et al., 2012). These arguments are often
cited to motivate experimental searches in the region of
small mixing parameter ε in the case of the massive dark
photon—regardless of the large uncertainties in the pre-
dictions of the corresponding theoretical approaches.
2. Massless dark photon: Higher-order operators
The massless dark photon does not interact directly
with the currents of the SM fermions. The higher-order
operators through which the interaction with ordinary
matter ψi takes place start with the dimension-five op-
erators in the Lagrangian
L = eD
2Λ5
ψ
i
σµν
(
DijM + iγ5D
ij
E
)
ψj F ′µν , (14)
where F ′µν is the field strength associated to the dark
photon field A′µ, and σµν = i/2 [γµ, γν ]. The operator
proportional to the coefficient DM is the magnetic dipole
moment and that proportional to the coefficient DE is
the electric dipole moment. The indices i and j in the
fermion fields keep track of the flavor and thus allow for
flavor off-diagonal transitions.
The dimension-five operators in Eq. (14) are best seen
as operators of dimension six with the gauge group
SU(2)L taken as the unbroken symmetry of the La-
grangian and the SM fermion grouped, like in the SM,
into doublets ψL and singlets ψR. In this case, the op-
erators contain the Higgs boson field and can be written
as
L = eD
2Λ2
ψ
i
L σµν
(
DijM + iγ5D
ij
E
)
HψjR F
′µν + H.c. (15)
The effective scale is accordingly modulated by the vac-
uum expectation value (VEV) vh of the Higgs boson.
This VEV keeps track of the chirality breaking, with the
whole operator vanishing as vh goes to zero.
In this review we shall only retain the magnetic dipole
DM term and set to zero the electric dipole term propor-
tional to DE . The inclusion of the latter would require
the further assumption of CP-odd physics which is, we
believe, premature at the moment.
Next, we have the dimension-six operators
L′ = eD
2Λ2
ψ
i
γµ(Rijr + iγ5Rija )Dνψj F ′µν , (16)
where the form factor Rr is related to the charge radius
of the fermion; the term Ra is sometime referred to as
the anapole.
The operator in Eq. (16) contributes, via the equa-
tions of motion, to four-fermion operators—which are ac-
counted for in the effective field theory of the dimension-
six operators (Grzadkowski et al., 2010) but are not rel-
evant for the massless dark photon interaction to ordi-
nary matter—and to the form factors of the interaction
if the particles are off-shell. The latter provide a next-
to-leading interaction between the massless dark photon
and ordinary matter that has yet to be studied (and is
not discussed in this review).
Higher-order operators give vanishingly small contri-
butions and can be neglected.
The scale Λ depends on the parameters of the under-
laying UV model. Typically, it is the mass of a heavy
state, or the ratio of masses of states of the dark sector,
multiplied by the couplings of these states to the SM par-
ticles. In particular, the dipole operators in Eq. (15), as
they require a chirality flip, can turn out to be enhanced,
or suppressed, according to the underlaying model chi-
rality mixing.
The fact that the interaction between the massless
dark photon and the SM states only takes place through
higher-order operators provide an appealing explanation
for its weakness. The structure of these operators leads
directly to the possible underlaying UV models—a min-
imal example of which is discussed in section II.C.
C. Dark matter and the dark photon
Dark matter is part of the dark sector. The inter-
play between the dark photon and dark matter opens
7new windows on its physics and gives further constraints.
Whereas in most scenarios dark matter is one of the
fermion (or scalar) states in this sector, there also ex-
ists the possibility that dark matter could be a very light
vector boson like the massive dark photon itself.
1. Massless dark photon and galaxy dynamics
Models of self-interacting dark matter charged under
Abelian or non-Abelian gauge groups and interacting
through the exchange of massless as well as massive par-
ticles have a long history.2
The most obvious obstacle to having dark matter in
the dark sector interacting via a long-range force as the
one carried by the massless dark photon comes from the
essentially collisionless dynamics of galaxies and the el-
lipticity of their dark-matter halo.
The most severe observational limits come from the
present dark matter density distribution in collapsed
dark matter structures, rather than effects in the early
Universe or the early stages of structure formation (Ack-
erman et al., 2009; Cyr-Racine and Sigurdson, 2013; Feng
et al., 2009).
Bounds have been derived from the dynamics in merg-
ing clusters, such as the Bullet Cluster (Clowe et al.,
2006), the tidal disruption of dwarf satellites along their
orbits in the host halo, and kinetic energy exchanges
among dark matter particles in virialized halos. The lat-
ter turns out to be the most constraining bound, notic-
ing that self-interactions tend to isotropize dark mat-
ter velocity distributions, while there are galaxies whose
gravitational potentials show a triaxial structure with
significant velocity anisotropy; limits have been com-
puted, with subsequent refinements, via estimating an
isotropization timescale (through hard scattering and cu-
mulative effects of many interactions, also taking into ac-
count Debye screening) and comparison to the estimated
age of the object (Feng et al., 2009), or following more
closely the evolution of the velocity anisotropy due to
the energy transfer (Agrawal et al., 2017). The elliptic-
ity profile inferred for the galaxy NGC720, according to
2 The literature on the subject is already very extensive, see,
for example, (van den Aarssen et al., 2012; Ackerman et al.,
2009; Agrawal et al., 2017; Arkani-Hamed et al., 2009; Baldi,
2013; Boddy et al., 2014; Buckley and Fox, 2010; Buen-Abad
et al., 2015; Carlson et al., 1992; Chu and Dasgupta, 2014; Cline
et al., 2014, 2012; Cyr-Racine and Sigurdson, 2013; Feng et al.,
2009, 2008; Foot, 2004; Gabrielli and Raidal, 2014; Goldberg and
Hall, 1986; Gradwohl and Frieman, 1992; Holdom, 1986a; Hooper
et al., 2012; Kaplan et al., 2010; Tulin et al., 2013).
Interacting dark matter can form bound states. The phe-
nomenology of such atomic dark matter (Kaplan et al., 2010)
has been discussed in the literature, see (Cyr-Racine and Sig-
urdson, 2013) and references therein.
(Agrawal et al., 2017) sets a limit of about
mχ
(
0.01
αD
)2/3
& 300 GeV , (17)
where mχ stands for the dark matter mass and the αD
scaling quoted is approximate and comes from the leading
mχ over αD scaling in the expression for the isotropiza-
tion timescale.
The limit in Eq. (17) is subject to a number of uncer-
tainties and assumptions; it is less stringent than earlier
results, such as the original bound from soft scattering
quoted in (Ackerman et al., 2009),
GNm
4
χN
8α2D
& 50 log
GNm
2
χN
2αD
, (18)
where N is the number of dark-matter particles and GN
is Newton’s constant, as well about a factor of 3.5 weaker
than (Feng et al., 2009) (see, also, (Feng et al., 2010; Lin
et al., 2012)). On the other hand, results on galaxies
from N -body simulations in self-interacting dark matter
cosmologies (Peter et al., 2013), which take into account
predicted ellipticities and dark matter densities in the
central regions, seem to go in the direction of milder con-
straints, about at the same level or slightly weaker than
the value quoted in Eq. (17)—again subject to uncer-
tainties, such as the role played by the central baryonic
component of NGC720.
2. Massless dark photon and dark-matter relic density
All the stable fields within the dark sector provide a
multicomponent candidate for dark matter whose relic
density depends on the value of their couplings to the
dark photons and SM fermions (into which they may an-
nihilate, depending on the UV model) and masses.
Not all of the dark fermions contribute to the relic den-
sity. If these fermions are relatively light, their dominant
annihilation is into dark photons (see Fig. 2)
χχ→ A′A′ (19)
with a rate given by
〈σχχ→A′A′v〉 = 2piα
2
D
m2χ
. (20)
For a strength αD ' 0.01, all fermions with masses up to
around 1 TeV have a large cross section and their relic
density(see Eq. (B15) in the appendix B)
Ωχ h
2 ≈ 2.5× 10
−10 GeV−2
〈σχχ→A′A′v〉 (21)
is only a percent of the critical one; it is roughly 10−4
the critical one for dark fermions in the 1 GeV range,
8even less for lighter states. These dark fermions are not
part of dark matter; they have (mostly) converted into
dark photons by the time the universe reaches our age
and can only be produced in high-energy events. This is
fortunate because, as we have seen, they are ruled out as
possible dark matter candidates by the limit on galaxy
dynamics.
Heavier dark fermions can be dark matter. The domi-
nant annihilation for these is not into dark photons but
into SM fermions via the exchange of some messenger
field S—the details depending on the underlying UV
model—and is proportional to the corresponding cou-
pling which we denote αL anticipating the discussion in
section II.C—with a thermally averaged cross section ap-
proximately given by
〈σχχ→ff¯v〉 '
2piα2L
m2S
(22)
instead of Eq. (20). The critical relic density can be
reproduced if, assuming thermal production,
2piα2L
(
10 TeV
mS
)2
' 0.1 . (23)
These dark matter fermions belonging to the dark sec-
tor are in principle detectable through the long range
exchange of the massless dark photon and its coupling
to the magnetic (o electric) dipole moment of SM matter
which is induced at the one loop level in the UV model
of the dark sector. The somewhat complementary prob-
lem of dark matter having dipole moment and interacting
with nuclei through the exchange of a photon has been
discussed in (Banks et al., 2010; Barger et al., 2011; Chu
et al., 2020; Del Nobile et al., 2012; Fornengo et al., 2011;
Pospelov and ter Veldhuis, 2000; Sigurdson et al., 2004)
This dipole interaction is now included within the basis
of the operators in the effective field theory of dark mat-
ter detection (Brod et al., 2018; Fitzpatrick et al., 2013;
Liem et al., 2016).
3. Massive dark photon and light dark matter
When dark matter is lighter than the dark photon, and
mA′ > 2mχ, the annihilation channel (see Fig.2)
χχ¯→ A′ → f¯f (24)
is open and we are in a scenario with light dark matter
(LDM) (Essig et al., 2012b; Knapen et al., 2017). The
cross section is
σχχ→ff =
4pi
3
ε2ααDm
2
χ
(
1 +
2m2e
s
)(
1 +
2m2χ
s
)
s
(s−m2A′)2 +m2A′ Γ2A′
√
1− 4m2e
m2
A′√
1− 4m2χ
m2
A′
(25)
The thermal average of σχχ→ffv is defined in Eq. (B6) of
appendix B. In the non-relativistic limit where s ' 4m2χ
we have that
〈σχχ→ffv〉 ' ε2ααD
16pim2χ
(4m2χ −m2A′)2
(26)
if we neglect me with respect to mχ and ΓA′ with respect
to mA′ . The thermal average in Eq. (26) is related to the
relic density ρχ (as reviewed in appendix B), or, in terms
of the normalized quantity Ωχ = ρχ/ρc as
Ωχ h
2 ≈ 2.5× 10
−10 GeV−2
〈σχχ→ffv〉 . (27)
It has been suggested (Izaguirre et al., 2015) that the
best variable to plot most effectively the constraints in
the case of LDM is by means of the yield variable
y ≡ ε2αD
(
mχ
mA′
)4
(28)
FIG. 2 Feynman diagrams for the three processes that are
relevant for the discussion of the massive dark photon and
dark matter.
9because, from Eq. (26)
〈σχχ→ffv〉 ' 16piαy
m2χ
(29)
and therefore the relic density is brought into the plot.
Moreover, the scaling of these limits is made less depen-
dent on the nature of the LDM. We add the limits in the
plane {y-mχ} to those in the plane {ε-mA′} in section III.
The cross section in Eq. (25), written in the t-channel
(see Fig. 2), controls the size of direct detection of dark
matter in its scattering off the electrons of the detector
thus producing ionization, in particular
σe =
16piµ2χeααDε
2
(m2A′ + α
2m2e)
2
∣∣F (q2)∣∣2 , (30)
where µχe is the reduced mass of the electron and χ, and
F (q2) a form factor given by
F (q2) =
m2A′ + α
2m2e
m2A′ + q
2
, (31)
with q2 the square of the exchanged momentum. This
relationship translates into a differential event rate in a
dark-matter detector with NT the number of target nu-
clei per unit mass
dR
d lnE
= NT
ρχ
mχ
d〈σev〉
d lnE
, (32)
where E is the electron energy, 〈σev〉 is the thermally
averaged cross section with v the χ velocity, and ρχ the
local density of χ. This makes possible to utilize limits
on LDM direct detection to constraint the dark photon
parameter ε (Essig et al., 2012b).
4. Massive dark photon as dark matter
A very light massive dark photon could be a dark mat-
ter candidate if produced non-thermally in early Universe
as a condensate, the same way as the axion is produced
by the misalignement mechanism (Abbott and Sikivie,
1983; Dine and Fischler, 1983; Preskill et al., 1983). In
this mechanism, the value of the field is frozen by the
fast expanding Universe to whatever value it has at the
initial moment. The rate of expansion is much larger
than the mass and the field has no time to relax to the
minimum of the potential. The unavoidable (and trou-
blesome) Lorentz-invariance violation is estimated to be
small and undetectable.
In this scenario for the dark photon, as discussed
in (Arias et al., 2012; Nelson and Scholtz, 2011), the mass
arises via the Stueckelberg mechanism and there must be
a non-minimal coupling to gravity. Once the Hubble con-
stant value drops below the mass of the dark photon, its
field starts to oscillate and these oscillations behave like
non-relativistic matter, that is, like cold dark matter.
There exist two constraints on the parameters of this
dark photon scenario. First of all, the initial value must
be fine-tuned to reproduce the critical density. Second,
the decay into photons and SM leptons must not affect
the cosmic microwave background (CMB). This latter
requirement means that the mixing parameter ε must
not be too large (roughly, less than 10−9) and the mass
mA′ must be less than 1 MeV.
Production by fluctuations during inflation provides
another possibility of having a massive dark photon as
dark matter (Graham et al., 2016). In this case, the mass
mA′ can be computed from the Hubble constant and the
relic density to be of order O(10−5) eV.
The dark-photon dark matter is non-relativistic and
interacts with ordinary matter mostly through the photo-
electric process in which a photon (with energy mA′) is
captured by an atom, with atomic number Z, with a cross
section given, for ordinary photons, by
σp.e. = 4α
4
√
2Z5
8pir2e
3
(me
ω
)7/2
, (33)
where ω is the photon energy and re the classical radius
of the electron re = α/me. The cross section for the
dark photons is that of ordinary photons rescaled by the
mixing parameter ε:
σA′ = ε
2σp.e. . (34)
This scenario is made accessible to the experiments by
considering the rate of absorption of the dark photon by
the detector (Bloch et al., 2017; Pospelov et al., 2008):
ΓA′ =
ρA′
mA′
σA′vA′ , (35)
where the density ρA′ is estimated from the relic density
(or the flux from the Sun).
II. PHENOMENOLOGY OF THE MASSLESS DARK
PHOTON
The phenomenology of the massless dark photon de-
pends on the effect of the higher-order operator in
Eq. (15) which mediates its interaction with the SM par-
ticles. This operator enters the measured observables
with an effective scale Λ and the absolute value
d ijM ≡ |DijM | (36)
of the magnetic dipole coefficient (neglecting the CP-odd
DE) which can eventually be related to the parameters of
the underlying UV model like masses and coupling con-
stants. The experimental searches can thus be framed
in terms of the scale Λ, the dipole coefficient d ijM and
and the dark charge coupling eD, which we rewrite as
αD = e
2
D/4pi. We do not assume this scale and coefficient
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FIG. 3 Bremsstrahlung of dark photons from electrons in a
star and from nucleons in a supernova.
to be universal. Depending on the particular experimen-
tal set-up, the constraints are further sensitive to which
particular lepton or quark is actually taking part in the
interaction. The index, or indices, i and j keep track on
the flavor dependence.
We discuss in section II.B the other side of the massless
dark photon, namely the search for dark particles coupled
to the ordinary photon by a milli-charge.
A. Limits on the dark dipole scale dM/Λ
2
We collect in this section the known constraints on the
size of the operator in Eq. (15).
We show in Fig. 4 and 5 the more stringent limits.
Though these limits are on the combinations dM/Λ
2,
with a factor depending on αD, we find it convenient
to plot them as dM as a function of Λ so as to easily
see what values of the dipole coefficient are allowed given
a value for the scale Λ (and two representative value of
αD).
1. Astrophysics and cosmology
Astrophysics and cosmology provide very stringent
limits on the interaction of the dark photon with SM
matter as given by the operator in Eq. (15). It is un-
derstood that all the limits are mostly on the order of
magnitude because of intrinsic uncertainties in the as-
trophysics of stellar medium, supernova dynamics and
cosmological processes.
Astrophysical constraints for models with a mass-
less dark photon can be derived from those obtained
for axion-like particles because the dipole operator in
Eq. (15) gives, in the non-relativistic limit, a derivative
(and spin-dependent) coupling of the dark photon with
momentum k and polarization  to ordinary fermions ψ
given by
MA′µ ≈ ψ¯ (k× ) · σ ψ , (37)
which, after averaging over the polarizations, gives the
same contribution as that for a pseudo-scalar parti-
cle (Hoffmann, 1987; Raffelt, 1996) like the axion, namely
Ma ≈ ψ¯ k · σ ψ . (38)
Only a factor of two must be included for the independent
polarizations of the dark photon.
Because the massless dark photon does not mix with
the ordinary photon, we can compute the limits in a ki-
netic theory in which the amplitude for the relevant pro-
cess is computed in the vacuum and the effect of the
medium—be it the stellar interior or the supernova nu-
cleon gas—is included in the abundances of the SM states
at the given temperature.
• Stars. The luminosity of stars is related to their en-
ergy balance. This balance is a sensitive probe of the
stellar dynamics and the particle-physics processes on
which is based. Three processes are important for en-
ergy loss in stars: Compton scattering, pair creation and
Bremsstrahlung. Of these three, it is the latter that pro-
vides the most stringent limit. The non-observation of
anomalous energy transport, in various different types
of stars, places strong constraints on the dipole coupling
between SM states and the dark photon (Carlson, 1987;
Dobrescu, 2005).
The quantity we need is the energy loss due to the
emission of the extra particle. The energy loss per unit
volume Q is given in the appendix C in terms of the
squared amplitude of the process of emitting, in our case,
an axion.
For the Bremsstrahlung emission of axions, by elec-
trons in the field of nj nuclei with charge Zj , the squared
amplitude is (Nakagawa et al., 1987; Raffelt, 1990)
∑
spin
|M|2 =
∑
j
Z2j nj
4α2α′ae
pi
|p1||p2|ω2
(q2 + κ2F )
2
[
2ω2
p1 · p2 −m2e + (p2 − p1) · k
(p1 · k)(p2 · k) + 2−
p1 · k
p2 · k −
p2 · k
p1 · k
]
(39)
where p1 and p2 and k are the momenta of the initial
electrons and q = p2 − p1. ω and k the energy and mo-
mentum of the axion and κF = (4αpFEF /pi)
1/2 where pF
and EF are the Fermi momentum and energy of the elec-
trons in the plasma. The coefficient α′ae is the coupling
constant of the axion to the electrons.
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In a degenerate medium (like the one for red giants and
white dwarves) we have that the energy-loss rate per unit
mass Q/ρ is given by (Raffelt, 1996)
Q/ρ = pi
2 α2 α′ae
15
T 4
m2e
∑
j
Z2j nj F (κF )
' α′ae 1.08× 1027
(
T
108K
)4
Z2
A
F (κF ) , (40)
the latter equation is written in units of erg g−1s−1, and
the factor F is approximately given in the relativistic
limit as
F (κF ) ' 2 + κ
2
F
2
ln
2 + κ2F
κ2F
− 1 . (41)
The most stringent limit for electrons comes from cool-
ing in white dwarves (Miller Bertolami et al., 2014)
and giant red stars (Viaux et al., 2013) by axion
Bremsstrahlung in a degenerate medium. A combined
fit of the data (Giannotti et al., 2016) finds (at 2σ) that
the coupling must be
α′ae ≤ 3.0× 10−27 . (42)
The bound in Eq. (42) is translated into a bound for
the dark photon by identifying the combination of pa-
rameters in the operator in Eq. (15) that controls the
same process. This correspondence yields the equation
α′ae = 2
1
4pi
(
2 eDd
e
M
vhme
Λ2
)2
, (43)
where the factor of 2 in front takes into account the two
polarizations of the dark photon (with respect to the ax-
ion), vh = 174 GeV and me is the electron’s mass.
To satisfy the limit in Eq. (42), the dark photon pa-
rameters in Eq. (43) must satisfy
Λ2√
αD d eM
& 4.5× 106 TeV2 , (44)
after having included the numerical values of me and vh.
The limit in Eq. (44) updates the one found in (Dobrescu,
2005).
• Supernovae. An additional limit is found from the
neutrino signal of supernova 1987A, for which the length
of the burst constrains anomalous energy losses in the
explosion.
As before, a bound can be derived from that for the
coupling between axions and nucleons. The correspond-
ing averaged square amplitude is given in (Brinkmann
and Turner, 1988; Raffelt and Seckel, 1995) as
∑
spin
|M|2 = 16(4pi)
3α2pi α
′
aN
3m2N
[(
k2
k2 +m2pi
)2
+
(
l2
l2 +m2pi
)2
+
k2l2 − 3(k · l)2
(k2 +m2pi)(l
2 +m2pi)
]
(45)
where αpi = (2mNf/mpi)
2/4pi ' 15 is the pion-nucleon
coupling and k = p2 − p4 and l = p2 − p3 and pi the
momenta of the nucleons (see Fig 3). The coefficient α′aN
is the coupling constant of the axion to the nucleons.
In the thermal medium k2 ' 3mNT and we can neglect
the pion mass to obtain∑
spin
|M|2 = 32(4pi)
3α2pi α
′
aN
m2N
(46)
and the energy-loss rate per unit mass in the degenerate
case is (Brinkmann and Turner, 1988; Iwamoto, 1984)
Q/ρ ' α′aN 1.74× 1033
ρ
1015
(
T
MeV
)6
, (47)
in units of erg g−1s−1, which should not exceed the neu-
trino luminosity. This limit yields, taking the most con-
servative estimate in (Carenza et al., 2019; Keil et al.,
1997),
α′aN ≤ 1.3× 10−18 . (48)
The combination that controls energy transfer to dark
photons in this process from ordinary matter (the quarks
in the nucleons) is
α′aN = 2
1
4pi
(
2 eDd
q
M
vhmN
Λ2
)2
, (49)
where mN is the nucleon mass. By taking the limit in
Eq. (48), we have
Λ2√
αD d
q
M
& 4.3× 105 TeV2 , (50)
which applies to the light u and d quarks—if we neglect
small corrections due to the form factors in going from
the nucleons to the quarks. The limit in Eq. (50) updates
the one found in (Dobrescu, 2005).
A caveat in the limit in Eq. (48) is due to the fact
that if the coupling is too strong the emitted axions are
re-absorbed by the expanding supernova and there is no
energy loss; this happens for
α′aN ≥ 0.7× 10−14 , (51)
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which yields
Λ2√
αDd
q
M
. 5.9× 103 TeV2 , (52)
There are however limits from laboratory physics, dis-
cussed in the next section, that almost close this window.
• Big bang nucleosynthesis. A cosmological bound for
the dark photon operator in Eq. (15) comes from the de-
termination of the effective number of relativistic species
in addition to those of the SM partaking in the ther-
mal bath—the same way the number of neutrinos is con-
strained. This number is constrained by data on big bang
nucleosynthesis (BBN) to be (Fields et al., 2020):
Neff = 2.878± 0.278 . (53)
We follow (Dobrescu, 2005) in deriving the correspond-
ing limits.
The two degrees of freedom of the dark photon exceeds
this limit at the big bang temperature TBBN and must
have decoupled before at temperature Td which is taken
to be just above the QCD phase transition: Td = 150
MeV. The request of decoupling before the BBN epoch
can be translated in having the Hubble constant (see ap-
pendix B)
H(Td) =
T 2d
MPl
(
pi2
90
g∗(Td)
)1/2
(54)
be larger than the rate of interactions between SM states
and the dark photon
ΓA′ = nA′〈σv〉 , (55)
where 〈σv〉 is the thermally averaged cross section for
the interaction of the dark photon with the SM particles
present at the temperature Td, v = 1, and the num-
ber density of dark photon is given (see appendix B) by
(kB = 1)
nA′ =
2ζ(3)
pi2
T 3 . (56)
The cross section for SM fermions to Compton and
annihilate into dark photon is approximately given by
〈σv〉 ' αDd
2
Mv
2
h
Λ4
. (57)
We thus find the condition
2ζ(3)
pi2
T 3d 〈σv〉 <
T 2d
MPl
(
2pi2
45
g∗(Td)
)1/2
, (58)
where the effective number of degrees of freedom g∗(Td)
is bound from the limit on Neff. This relationship is
obtained from(
TBBN
Td
)4
=
(
g∗(TBBN )
g∗(Td)
)4/3
<
7
4
∆Neff , (59)
which, knowing that g∗(TBBN ) = 43/4, gives
g∗(Td) > (43/7)4/3∆N
−3/4
eff , (60)
where ∆Neff ≡ Neff− 3 ' 0.34 by taking 2σ of the result
in Eq. (53).
The limit applies to the interaction of leptons (electron
and muon):
Λ2√
αD d `M
≥ 6.6× 103 TeV2 , (61)
and quarks (s, u, d):
Λ2√
αD d
q
M
≥ 4.3× 103 TeV2 , (62)
which partake into the Compton and annihilation pro-
cesses. The difference between Eq. (61) and Eq. (62) is
due to the number of colors.
2. Precision, laboratory and collider physics
Laboratory physics can set new constrains on the
dipole operator in Eq. (15). They are less stringent
than those from astrophysics and cosmology because the
higher-order dipole operator always yields a small num-
ber of events; these small numbers are amplified in the
stars by the enormous density of particles in the medium
but not in the laboratory experiments where the density
is smaller.
• Precision physics. The operator in Eq. (15) gives
rise to a macroscopic spin-dependent (non-relativistic)
potential (Dobrescu and Mocioiu, 2006):
V (r) = −αDv
2daMd
b
M
4Λ4r3
[
σa ·σb− 3 (σa · rˆ)(σb · rˆ)
]
, (63)
where r = ra − rb is the vector distance and r = |r|
and rˆ the corresponding unit vector. The potential in
Eq. (63) is between two fermions fa and fb, with spin σa
and σb, and magnetic dipole moments d
a,b
M , as defined
in Eq. (15)—whose interaction can affect atomic energy
levels as well as macroscopic forces.
The potential in Eq. (63) can be used to explore atomic
physics as well as macroscopic fifth-force like interactions.
Many atomic energy levels are known with high preci-
sion. Unfortunately, the theoretical computation is lag-
ging behind many of the experiments, mainly because of
uncertainties in higher-order corrections like those due
to the size of the nuclei. For this reason many results
are given as energy differences where corrections propor-
tional to 1/r3 are factorized out. This procedure makes
often impossible to use these results to test the potential
in Eq. (63).
The best limit is obtained in the fine-structure spec-
troscopy of Helium. The extra interaction between the
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FIG. 4 Model-independent limits for the interaction with leptons. The limits on the dark dipole operator d `M/Λ
2 are shown
by taking the coefficient d `M as a function of the scale Λ (for two representative values of αD). Given an energy scale, the
allowed values for d `M can be read from the plot. The strongest bound on electrons comes from stellar cooling (stars). Big bang
nucleosynthesis (BBN) and collider physics (LEP) set the other depicted bounds. Solid lines are for the representative value
αD = 0.01, dashed lines for αD = 0.1.
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two electrons has been discussed in (Ficek et al., 2017)
whose limits, obtained by the constraints from the 23P2-
23P1 transitions in He, can be expressed as
Λ2√
αDd eM
& 872 GeV2 . (64)
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Bounds on long-range forces depending on spin set lim-
its on the scale of the operator in Eq. (14) based on the
potential in Eq. (63) as discussed in (Dobrescu and Mo-
cioiu, 2006). The strongest bounds come from limits on
macroscopic forces between electrons (Ni et al., 1999)
Λ2√
αDd eM
& 1.61 TeV2 , (65)
and electrons and nucleons (Wineland et al., 1991)
Λ2√
αD
√
d eMd
q
M
& 1.94 TeV2 . (66)
The limits among nucleons and electrons and protons are
weaker.
Whereas the strong limits on the anomalous magnetic
moments of the electron and the muon are traditionally
used to set limits on new physics, they cannot be used
directly in our case because they only apply to operators
coupling to the visible photon. The operator in Eq. (14)
enters in the computation of the magnet moments but
only at higher order with two insertions in the loop com-
putation. The limits are accordingly weak. The contri-
bution of the dark photon to the anomalous magnetic
moment is given by
aA
′
` = −
3
2
αD
pi
(
m`vhd
`
M
Λ2
)2 [
5
4
+ log
µ2
m2
]
(67)
in the MS scheme; contrary to the SM case, the result
depends on the subtraction of a divergence.
We discuss below in section II.C how in the UV model,
where there are states coupled to both the dark and the
visible photon, the anomalous magnetic moment can be
brought to bear directly on the limits.
The quantity ∆ae, the difference between the exper-
imental value of the electron anomalous magnetic mo-
ment (Hanneke et al., 2008) and its SM prediction is very
small. The uncertainty on this difference (at 1σ) is given
by (Giudice et al., 2012)
δ∆ae < 8.1× 10−13 . (68)
By requiring that the contribution of the dark photon
does not exceed this value, and therefore does not con-
tribute to the electron magnetic moment, we obtain
Λ2√
αDd eM
& 0.075 TeV2 , (69)
by taking the renormalization scale µ = me.
The analogous quantity ∆aµ, the difference between
the experimental value of the muon anomalous mag-
netic moment (Bennett et al., 2006) and its SM predic-
tion (Blum et al., 2018), is less than
∆aµ < 2.74× 10−9 , (70)
at 2σ level, from which we derive
Λ2√
αDd
µ
M
& 0.5 TeV2 , (71)
for µ = mµ. Notice that the current 3.2σ discrepancy in
∆aµ could be explained by requiring
Λ2√
αDd
µ
M
' 0.27 TeV2 . (72)
Flavor changing processes can provide constraints on
possible dipole operator contributions to off-diagonal in-
teractions.
In the lepton sector the process µ → eX0, with X0 a
massless neutral boson, is bounded to (Bayes et al., 2015)
BR (µ→ eX0) < 5.8× 10−5 , (73)
which gives
Λ2√
αDd
µe
M
& 5.1× 105 TeV2 . (74)
Similar limits in the hadron sector on, for example, the
decays K → piX0 or B → KX0, cannot be used because
they are forbidden when X0 is a spin one boson like the
dark photon. The decay B → K∗X0 is not forbidden
but gives a very weak bound. Instead, the current limit
on the rare decay K+ → pi+νν¯ given by (at the 90% CL,
see, for example, (Engelfried, 2019))
BR (K+ → pi+νν¯) < 1.85× 10−10 (75)
can be used, if we assume the dark photon to decay into
light dark-sector fermions, and yields
Λ2√
αDd sdM
& 9.5× 106 TeV2 , (76)
which is the strongest among all the limits on the dipole
interaction we have discussed.
• Laboratory physics. An interesting limit is de-
rived by means, again, of the data from SN 1987A,
this time indirectly from the counting of events in the
Kamiokande detector. Axions from the star can, via
inverse Bremsstrahlung, excite the oxygen nuclei in the
water tank as, in the process a16O→16O∗, which subse-
quently decay producing γ rays triggering the detector.
The failure of observing these extra events excludes the
values for the coupling α′aN (Engel et al., 1990)
6.5× 10−14 ≤ α′aN ≤ 8.0× 10−8 , (77)
which can be turned, taking the lower limit in Eq. (77),
in
Λ2√
αDd
q
M
& 1.9× 103 TeV2 , (78)
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for the massless dark photons. The limit in Eq. (78)
nicely closes the range left open by Eq. (50). A thin
windows between Eq. (51) and Eq. (77) is apparently
left open for α′aN ' 10−14.
• Collider physics. Limits from colliders are weaker
but are worthwhile to be reported since they come from
laboratory physics which is independent of all astrophys-
ical assumptions. The process of pair annihilation into a
dark and an ordinary photon provides a striking bench-
mark (mono-photon plus missing energy) for this search.
It applies to electrons in searches at the LEP (Abbiendi
et al., 1999; Acciarri et al., 1999; Heister et al., 2003):
Λ2√
αDd eM
& 1.2 TeV2 , (79)
and the first generation of quarks at the LHC from
CMS (Aaboud et al., 2016) with luminosity of 35.9
fb−1 (the ATLAS result (Sirunyan et al., 2019a) is with
smaller luminosity and less stringent):
Λ2√
αDd
q
M
& 4.3 TeV2 . (80)
We computed the limits in Eq. (79) and Eq. (80) for
this review by requiring that the number of dark photon
events be, bin by bin, less than the difference between
the observed and the expected number of events.
3. Can the massless dark photon be seen at all?
The limits for the dark dipole of the massless dark
photon, as summarized in Fig. 4 and Fig. 5, are indeed
very stringent. For an effective scale Λ around 1 TeV,
for example, only values of dipole moments of O(10−6)
for electrons and O(10−5) for quarks are still allowed.
These are numbers making detection in an experiment
very challenging.
This does not mean that the massless dark photon can-
not be searched for in the laboratory. We must look
either to processes where SM particles heavier than the
electron or the muon and the u or d quarks are involved—
and the most severe astrophysical bounds do not apply—
or physics where the dipole operator in Eq. (15) is be-
tween fermions of different flavors or very high-energy
processes where the large scale Λ is partially compen-
sated by the scaling of the dipole and radius operators in
Eq. (14) and Eq. (16) and the overall contribution is less
suppressed.
For example, for a first generation quark taken to be a
parton in a hadron collider, the limit at an energy scale
of 10 TeV, is of du,dM ' 10−3 (see Fig. 5) which would give
a deviation in the cross section within the reach of future
machines. Similarly, for the electron, the limits in Fig. 4
show that a d eM ' 10−6 is still allowed at the scale of
1 TeV and therefore accessible at future lepton colliders
for the projected sensitivity. As much suppressed as these
cross sections are, they are comparable with those of the
case of the massive dark photon after the corresponding
limits are taken into account (see section III.A.1).
These, and others possibilities, are discussed in sec-
tion II.D where some of the proposed experiments to
search for the massless dark photon are reviewed.
B. Limits on milli-charged particles
Milli-charged particles arise, as discussed in the sec-
tion I.A of the Introduction, in the case of a massless
dark photon because the rotation of the mixing term
in Eq. (1) leaves the photon coupled to the dark sector
particles χ with strength εe′. Searches are accordingly
parameterized in terms of the mass mχ and the electro-
magnetic coupling (modulated by ε) of the supposedly
milli-charged dark-sector particle.
The physics of stellar evolution for horizontal branches,
red giants, and white dwarves (RGWD (Vogel and Re-
dondo, 2014)),together with supernovae (SN1987 (Chang
et al., 2018)) provide bounds in the region of small masses
(mχ ∼< 1 MeV). In this region constraints on Neff dur-
ing BBN and CMB (Neff BBN and CMB (Vogel and
Redondo, 2014)) limits the possibility of having milli-
charged particles. These limits are derived along the
same lines discussed in the case of the massless dark pho-
ton.
Further limits can be derived from precision measure-
ments in QED, notably from the Lamb shift in the transi-
tion 2S1/2-2P3/2 in the Hydrogen atom (Hagley and Pip-
kin, 1994) and the non-observation of the invisible decay
of ortho-positronium (oPS (Badertscher et al., 2007)).
Limits in the intermediate mass range 1−100 MeV come
from a SLAC dedicated experiment (SLAC milliQ (Prinz
et al., 1998)) and from the reinterpretation of data from
the neutrino experiments LSND and miniBooNE (Magill
et al., 2019).
Milli-charged particles as dark matter have been pro-
posed (Kovetz et al., 2018) to explain the anoma-
lous 21 cm hydrogen absorption signal reported by the
EDGES Experiment (Monsalve et al., 2018). Searches
at LEP (Davidson et al., 2000) and LHC (Jaeckel
et al., 2013) cover larger values of the mass (100 MeV
∼< mχ ∼< 1 TeV).
Finally, for very large masses (mχ ∼> 10 TeV) the im-
pact on the cosmological parameters severely restricts the
possible values of milli-charges (WMAP and dark mat-
ter relic density constraint, (Jaeckel et al., 2013) and
references therein).
All these limits are shown as filled area in the top plot
of Fig. 6.
The projected limits of future experiments are depicted
in Fig. 6 (bottom) together with the current limits in gray
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FIG. 6 Existing limits (top, filled areas) and future sensitivities for existing or proposed experiments (bottom, colored curves)
on milli-charged dark-sector matter. Top plot: Existing limits from stellar evolution (RGWD (Vogel and Redondo, 2014) and
SN1987 (Chang et al., 2018)); Neff during BBN and CMB (Vogel and Redondo, 2014); invisible decays of ortho-positronium
(oPS) (Badertscher et al., 2007); SLAC milliQ experiment (Prinz et al., 1998); reinterpretation of data from LSND and
miniMooNE (Magill et al., 2019); interpretation of the anomalous 21 cm hydrogen absorption signal by EDGES (Kovetz et al.,
2018); searches at LEP (Davidson et al., 2000) and LHC (Jaeckel et al., 2013); WMAP results and dark matter relic density
abundance (Jaeckel et al., 2013). Bottom plot: Future sensitivities of NA64(e)++ (Banerjee et al., 2018a); NA64(µ) (Banerjee
et al., 2018b); FerMINI (Kelly and Tsai, 2019); milliQAN (Ball et al., 2016);LDMX (Akesson et al., 2018b). The sensitivity
shown for LDMX @ CERN corresponds to 1016 electrons-on-target and a beam energy of 16 GeV. The existing limits are shown
as gray areas. The bottom plot is revised from (Beacham et al., 2019).
background to show the expected advances. Of these, the
most significative for masses around 1 GeV comes from
the proposed milliQAN experiment (Ball et al., 2016)
proposed to be installed on the surface above one of the
LHC interaction points. MilliQAN could improve the
collider limits by two orders of magnitude. The range
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in mass between 10-100 MeV can be optimally covered
by the FerMINI experiment (Kelly and Tsai, 2019) pro-
posed in the DUNE near detector hall at Fermilab. Fi-
nally the search for milli-charged particles below 10 MeV
mass may be improved by almost two orders of magni-
tude by the LDMX experiment (Akesson et al., 2018b)
proposed both at CERN (Akesson et al., 2018a) and at
SLAC (Raubenheimer et al., 2018).
C. A minimal model of the dark sector
As discussed in section I, it is useful to underpin the
phenomenology of the massless dark photon to a UV
model. We consider a minimal model consisting of dark
fermions that are, by definition, singlets under the SM
gauge interactions. These dark fermions interact with the
visible sector through a portal provided by scalar messen-
gers which carry both SM and dark-sector charges. These
scalars are phenomenologically akin to the sfermions of
supersymmetric models.
In general, we can have as many dark fermions as there
are in the SM; they can be classified conveniently accord-
ing to whether they couple (via the corresponding mes-
sengers) to quarks (qL, uR, dR) or leptons (lL, eR): We
denote the first (hadron-like) Q and the latter (lepton-
like) χ.
The Yukawa-like interaction Lagrangian for flavor-
diagonal interactions can be written as (Gabrielli et al.,
2017; Gabrielli and Raidal, 2014):
L ⊃ −gL
(
φ†Lχ¯RlL + S
U†
L Q¯
U
RqL + S
D†
L Q¯
D
RqL
)
− gR
(
φ†Rχ¯LeR + S
U†
R Q¯
U
LuR + S
D†
R Q¯
D
L dR
)
+ h.c. (81)
where qL (qR) and eL (eR) are SU(2)L doublets (sin-
glets) for quarks and leptons respectively. Sum over
flavor and color indices, that we omitted for simplic-
ity, is understood. The L-type scalars are doublets un-
der SU(2)L, while the R-type scalars are singlets under
SU(2)L. The SL,R messengers carry color indices (un-
marked in (81)), while the messengers φL,R are color sin-
glets. The Yukawa coupling strengths are parameterized
by αL,R ≡ g2L,R/(4pi); they can be different for different
fermions and as many as the SM fermions. For simplicity,
we take them to be equal and, in addition, αL = αR.
In order to generate chirality-changing processes, we
must have the mixing terms
L ⊃ −λsS0
(
H†φ†RφL + H˜
†SU†R S
U
L +H
†SD†R S
D
L
)
+ h.c. ,
(82)
where H is the SM Higgs boson, H˜ = iσ2H
?, and S0 a
scalar singlet of the dark sector. After both S0 and H
take a vacuum expectation value (µS and vh—the elec-
troweak vacuum expectation value—respectively), the
Lagrangian in Eq. (82) gives rise to the mixing between
right- and left-handed states.
Dark sector and messenger states are both charged un-
der an unbroken U(1)D gauge symmetry which is the
same of the corresponding massless dark photon, with
coupling strength αD. We assign different dark U(1)D
charges to the various dark sector fermions to ensures, by
charge conservation, their stability. Since SM fields are
neutral under U(1)D interactions, messengers and asso-
ciated dark-fermions field in Eq.(81) must carry the same
U(1)D quantum charge.
When the dark sector scalar S0 and the Higgs bo-
son acquire their vacuum expectation values, the scalar
messengers must be rotated to identify the physical
states. Before this rotation, φLν , S
U
Ld,and S
D
Lu are de-
generate mass eigenstates with mass mS . After the ro-
tation, the mass eigenstates (labeled by ±) are given by
φ± ≡ 1√2 (φL ± φR) , S
U,D
± ≡ 1√2
(
SU,DL ± SU,DR
)
, cor-
responding to masses
m± = mφ,S
√
1± ηs (83)
where we defined the mixing parameters for the S and φ
messengers
ηφ,S ≡ λsµφ,Svh
m2S
. (84)
In the new basis, the interaction terms in Eq. (81) in
the lepton sector is given by
L(lep) ⊃ −gLφ†Lν (χ¯RνL)−
gL√
2
(
φ†+ + φ
†
−
)
(χ¯ReL)− gR√
2
(
φ†+ − φ†−
)
(χ¯LeR) + h.c. . (85)
The corresponding interaction terms in the hadronic sec- tor have the same form.
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FIG. 7 Vertex diagrams for the generation of the dipole op-
erators in the model of the dark sector.
Looking at (85), we can see that if χ is a stable dark-
sector species, then its mass must be at most m− +me.
Similarly, for a dark-sector species Q, the mass must be
no heavier than m−+mq, where mq is the mass of the SM
species corresponding to Q. This sets an upper bound for
the mixing ηφ,S :
ηφ,S < 1−
(
M
mφ,S
)2
. (86)
In Eq. (86), M is the mass of the heaviest stable dark-
sector species. We assume that M is heavier than any
SM species. The upper bound in Eq. (86) also guaran-
tees that the scalar messengers are heavier than the dark
fermion into which they can thus decay.
This model can be considered as a template for many
models of the dark sector with the scalar messenger as
stand-in for more complicated portals. It is a simpli-
fied version of the model in (Gabrielli and Raidal, 2014),
which might provide a natural solution to the SM flavor-
hierarchy problem.
The discussion above is restricted to the flavor-
diagonal interactions. A more general flavor structure in
the portal interaction, including the off-diagonal terms,
arising as a consequence of the simultaneous diagonal-
ization of the dark-fermion mass and quark interaction
basis, can be simply obtained by generalizing the above
terms as follows (Gabrielli et al., 2016)
S
Ui†
L Q¯
Ui
R q
i
L → SUi†L Q¯UiR (ρUL)ijqjL
S
Ui†
R Q¯
Ui
L q
i
R → SUi†R Q¯UiL (ρUL)ijqjR , (87)
and analogously for the down and lepton sectors, where
i, j are explicit flavor indices and sum over i, j is under-
stood.
To keep the contribution to the dipole coefficient sim-
ple, lest the generality obfuscates the estimate, we fol-
low the guidelines of the model in (Gabrielli and Raidal,
2014). We assume that the masses of the messengers
φi, SU,iL,R and S
D,i
L,R are the same and the mixing matrices
ρij have a hierarchical structure (like in the SM) with
the off-diagonal smaller than the diagonal terms. The
former hypotesis is a consequence of the SU(NF ) flavor
symmetry in the free lagrangian of messenger sector (with
NF = 6)) (Gabrielli and Raidal, 2014), while the latter
follows from the requirement of minimal flavor violation
hypothesis (Gabrielli et al., 2017).
We also take ρij ≡ ρDij = ρUij . This way, the loop of dark
sector particles is dominated by the contribution with
the heaviest dark fermion coupled to the SM fermions of
flavor i and j with one coefficient off-diagonal ρij and
one diagonal ρii. In the following, in order to distinguish
the contribution from the up and down sector couplings
we will use the notation ρuu ≡ ρU11, ρdd ≡ ρD11, ρsd ≡ ρD21,
and similarly for the other coefficients.
Matching the model to the effective Lagrangian given
in Eq. (14) after integrating the loop, and identifying the
scale Λ as
vh
Λ2
' mQi
m2S
, (88)
with mQi the heaviest dark-fermion running in the loop,
we can re-express the magnetic dipole explicitly in terms
of the parameters of the model. For example, in the case
of the generic (quark) flavor transition from i→ j, with
i- and j mixing, neglecting the SM masses, according to
the Lagrangian in (81) and substitutions (87), we have
(Gabrielli et al., 2016)
DijM = ρjjρ
∗
ij Re
[
gLgR
(4pi)2
]
FM (x, ηs) . (89)
where x = (mQi)
2/m2S and ηs the mixing parameter de-
fined in (84). In the following, we will introduce the
notation of mSU and mSD to distinguish the common
messenger mass in the up and down SU(2)L sectors re-
spectively, and ηU,Ds for the corresponding mixing param-
eters. The function FM (x, y) is given by (Gabrielli et al.,
2016)
FM (x, y) =
1
2
[
f(x, y)− f(x,−y)
]
, (90)
where
f(x, y) =
1− x+ y + (1 + y) log
(
x
1+y
)
(1− x+ y)2 . (91)
CP-violating phases, relevant for flavor changing pro-
cesses, can arise from the mixing parameters. For in-
stance, in the n→ m flavor transition, we can have CP-
violating phase δCP from the relation
ρnmρ
∗
mm − ρ∗nmρmm = 2 i sin δCP . (92)
1. Constraints on the UV model parameters
The introduction of the UV model makes possible to
re-discuss the bounds of section II.A on the massless dark
photon in terms of the parameters of the model.
There are no laboratory limits for the masses of the
dark fermions from events in which they are produced
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because they are SM singlets and do not interact directly
with the detector. Avoiding distortions of the cosmic
microwave background requires their masses to be larger
than 1 GeV or, if lighter, that the coupling αL and αR
be less than 10−3 (Acun˜a et al., 2020).
The messenger states have the same quantum num-
bers and spin as the supersymmetric squarks. At the
LHC they are copiously produced in pairs through QCD
interactions and decay at tree level into a quark and a
dark fermion. The final state arising from their decay
is thus the same as the one obtained from the q˜ → qχ01
process. Therefore limits on the messenger masses can
be obtained by reinterpreting supersymmetric searches
on first and second generation squarks decaying into a
light jet and a massless neutralino (Aaboud et al., 2018),
assuming that the gluino is decoupled. A lower bound
on their masses is thus obtained (Barducci et al., 2018)
to give
miS ∼> 940 GeV , (93)
for the messenger mass related to the dark fermions QU
and QD. This limit increases up to 1.5 TeV by assuming
that messengers of both chiralities associated to the first
and second generation of SM quarks are degenerate in
mass.
For the masses of the lepton-like scalar messengers,
constraints on the mass of sleptons (Sirunyan et al.,
2019b) give the following lower bound on the messenger
mass in the lepton sector:
mφ ∼> 290 GeV. (94)
All the limits discussed in section II.A can be re-
expressed in terms of the UV model parameters.
For example, the limit from stellar cooling in Eq. (44)
becomes
m2φ/mχe√
αDαLαR |ρee|2|FM (xe, ηφ) ∼
> 2.1× 106 TeV , (95)
where xe = m
2
φ/m
2
χe , with mχe the dark fermion mass as-
sociated to the electron, and ηφ the corresponding mixing
parameter in the colorless messengers sector, and the loop
function FM (x, y) is given in Eq. (90). This limit, which
is obtained by rescaling the right-hand side of Eq. (44)
for 1/(4pivh), applies specifically to the Yukawa coupling
of electrons and the corresponding messenger state.
For a quick estimate of the bound above and those that
follow, the loop function FM (x, y) can be considered a
coefficient of order O(10−1) as long as ηφ is not too small.
For instance, for x ' 1 and y ' 0.5, the loop function
FM ' 0.09.
Similarly, by using the same rescaling factor, the neu-
trino signal of supernova 1987A and the limit in Eq. (50)
yields now
m2S/mQu√
αDαLαR |ρuu|2 FM (xu, ηS) ∼
> 2.0× 105 TeV , (96)
where now xu = m
2
S/m
2
Qu , with mQu the dark-fermion
associated to the light u quark. A similar limit holds for
the case of the d quark sector.
The others bounds in section II.A can be written in
terms of the parameters of the model in the same way.
Instead, new bounds can be set now that we have
un underlying UV model because the scalar messengers
carry also the electromagnetic charge. Processes with the
visible photon can thus be used; these processes were not
available for the model-independent case in section II.A
for which only the coupling to the dark photon was taken
into account.
The magnetic moment of the SM fermions arises from
the one-loop diagram of the states of the UV model.
From Eq. (68) in section II.A, we find
m2φ/mχe√
αLαR |ρee|2GM (xe, ηφ) ∼
> 9.8× 104 TeV , (97)
where xe = m
2
χe/m
2
φ, with mχe the dark-fermion mass
associated to the muon. The loop function is in this case
given by (Gabrielli et al., 2016)
GM (x, y) =
1
2
[
g(x, y)− g(x,−y)
]
, (98)
where
g(x, y) =
(1 + y)2 − x2 + 2x (1 + y) log
(
x
1+y
)
2 (x− 1− y)3 . (99)
Also interesting is the anomalous magnetic moment of
the muon because of the lingering discrepancy between
theory and experiments. From Eq. (70) in section II.A,
we find
m2φ/mχµ√
αLαR |ρµµ|2GM (xµ, ηφ) ∼
> 6.3× 103 TeV , (100)
where xµ = m
2
χµ/m
2
φ, with mχµ the dark-fermion mass
associated to the muon. Again, for a quick estimate of
the bounds above and those that follow, the loop function
GM (x, y) can be considered a coefficient of order O(10
−1)
as long as ηφ is not too small. For instance, for x ' 1
and y ' 0.5, the loop function GM ' 0.05.
The various Yukawa couplings and messenger and
fermion masses are probed in a selective manner in fla-
vor physics where we must distinguish among the various
couplings and states. Mixing (proportional to a coeffi-
cient ρij in the equations below) between different flavor
states must be included.
The strongest bound comes from the limit on the
BR (µ → eγ) < 4.2 × 10−13 (CL 90%) (Baldini et al.,
2016) of the MEG experiment. From this result, we find
that
m2φ/mχµ√
αLαR |ρµµρ?µe|GM (xµ, ηφ) ∼
> 4.9× 108 TeV . (101)
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A weaker bound can be extracted, in the hadronic sec-
tor, from the difference between the experimental limit
on the BR (B → Xsγ) < (3.21 ± 0.33) × 10−4 (Lees
et al., 2012b) of the BaBar collaboration and its SM es-
timate (Misiak et al., 2007). It yields
m2S/mQb√
αLαR |ρbbρ?bs|GM (xb, ηS) ∼
> 1.3× 104 TeV , (102)
where xb = m
2
Qb/m
2
S , with mQb the mass of dark fermion
associated to the b-quark,
The limits in Eq. (101) and Eq. (102) apply specifically
to the off-diagonal terms in the Yukawa couplings ρij of
the muon-electron and b-s quark mixing respectively, and
to the corresponding mass of messenger states.
The mass mixing in the Kaon system (Fabbrichesi
et al., 2017; Gabrielli et al., 2016) gives a further limit
m2S
(α2L + α
2
R) |ρssρ∗sd|2
∼> 3× 105 TeV2 , (103)
which is not related to the dark photon and its coupling
αD because it comes from the box-diagram insertion of
the dark scalars and fermions.
The limit in Eq. (103) is obtained by requiring that the
messenger contribution to the box diagram for the K0-
K¯0 mixing does not exceed the experimental value of the
mixing parameter ∆mK = 3.48× 10−12MeV (Tanabashi
et al., 2018). Due to chirality arguments, the leading
contribution to the box diagram in Eq. (103) does not
depend on the dark fermion mass, which is assumed to
be much smaller than the corresponding messenger mass
in the down sector and therefore very weakly on the loop
function.
The limit in Eq. (103) applies specifically to the off-
diagonal term in the Yukawa coupling of d-s quark mixing
and the corresponding messenger state. A similar but
weaker bound can be found from B-meson mixing.
As displayed in the equations above, all these limit
can be made weaker by taking mχ (or mQ) sufficiently
light or by varying the corresponding mixing parameters
ηs, ηφ. In the UV model is thus possible to play with
the parameters to make room for larger values of the
dipole coefficient by absorbing part of the suppression in
the connection between the scale Λ and the mass ratios
mχ/m
2
φ and mQ/mS . For instance a scale Λ = 1 TeV
for the new physics of the dark sector is still allowed by
the stringent bound in Eq. (70) if we take mχ sufficiently
small. This way, there is some additional freedom in
comparing limits from different processes as compared to
the model-independent case where the scale Λ is taken
to be the same for all bounds.
D. Future experiments
The massless dark photon has been neglected so far
from the experimental point of view as compared to the
massive one. It is one of the aims of the present review
to boost the community scrutiny in this direction. In the
past few year several proposals have been put forward
and new experiments are in the planning:
• Flavor physics: This is one of the most promising
areas for searching for the dark photon and the
dark sector in general because none of the stringent
astrophysical constrains discussed in section II.A
applies given the flavor off-diagonal nature of the
dipole operator in these cases.
Proposals exist for processes in Kaon physics at
NA62 (Cortina Gil et al., 2017). The Kaon de-
cay K → piA′ is forbidden by the conservation of
angular momentum but the decay K+ → pi0pi+A′
is allowed and an estimated BR (Fabbrichesi et al.,
2017) is within reach of the current sensitivity. The
rare decays K+ → pi+νν¯ (Cortina Gil et al., 2019b)
and KL → pi0νν¯ (Ahn et al., 2019) are other two
processes where the physics of the dark photon can
play a crucial role (Fabbrichesi and Gabrielli, 2019).
Also Hyperion decays can be used for detecting
the production of A′ at BESIII (Su and Tandean,
2019).
In addition, decays into invisible states of B-mesons
at BaBar (Lees et al., 2012a) and Belle (Hsu
et al., 2012) and KL,S and other neutral mesons
at NA64 (Gninenko, 2015; Gninenko and Kras-
nikov, 2015) can be used to study the dark sec-
tor (assuming the invisible states belong to it).
These decays are greatly enhanced by the Fermi-
Sommerfeld (Fermi, 1934; Sommerfeld, 1931) effect
due to their interaction with the dark photon—the
same way as ordinary decays, like the β-decay, are
enhanced by the same effect—making this another
exciting area for searching the dark sector (Bar-
ducci et al., 2018).
• Higgs and Z physics: The striking signature of a
mono-photon plus missing energy can be used to
search Higgs (Biswas et al., 2015, 2017; Gabrielli
et al., 2014) and Z-boson (Fabbrichesi et al., 2018)
decay into a visible and a dark photon. Again,
the stringent astrophysical constrains discussed in
section II.A do not apply because the size of the
dipole operator is dominated (in the loop diagram)
by the heavy-quark contribution’s giving raise to
the coupling to the dark photon, as discussed in
section II.C.
• Pair annihilation: Collider experiment at higher
energies and luminosities can use the same striking
signature of a mono-photon plus missing energy to
search for the dark photon. Even though the dipole
interaction is suppressed and severely constrained
in this case by the astrophysical and cosmological
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bounds discussed in section II.A, it is no more sup-
pressed than the equivalent cross sections for the
massive case. Moreover, the dipole operator scales
as the CM energy in the process and higher energies
make it more and more relevant;
• Magnons: An interesting possibility is the use of
magnons in ferromagnetic materials and their inter-
action with dark photons (QUAX proposal) (Bar-
bieri et al., 2017; Chigusa et al., 2020). The esti-
mated sensitivity is again done for axions but can
be translated for massless dark photons as in the
discussion about stars above.
• Astrophysics: Gravitation waves emitted during
the inspiral phase of neutron star collapse can
test the presence of other forces beside gravitation.
Dipole radiation by even small amount of charges
on the stars modifies the energy emitted; the dark
photon is a prime candidate for this kind of cor-
rection (Alexander et al., 2018; Croon et al., 2018;
Fabbrichesi and Urbano, 2019; Kopp et al., 2018).
III. PHENOMENOLOGY OF THE MASSIVE DARK
PHOTON
The phenomenology of the massive dark photon is dis-
cussed in terms of its interaction with the SM particles,
as given by Eq. (5):
L = εeJµA′µ , (104)
where Jµ is the electromagnetic current. The strength
of this interaction is modulated by the parameter ε. The
parameter space for the experimental searches is given
by the mass of the dark photon mA′ and the mixing pa-
rameter ε.
1. Production, decays and detection
Because the current in Eq. (104) is the same as the
usual electromagnetic current, dark photons A′ can be
produced like ordinary photons. The main production
mechanisms are:
- Bremsstrahlung . The incoming electron scatters off
the target nuclei (Z), goes off-shell and can thus
emit the dark photon: e−Z → e−ZA′;
- Annihilation: An electron-positron pair annihilates
into an ordinary and a dark photon: e− e+ → γA′
- Meson decays: A meson M (it being a pi0 η, or a
K or a D) decays as M → γA′;
- Drell-Yan: A quark-antiquark pair annihilates into
the dark photon, which then decays into a lepton
pair (or hadrons): qq¯ → A′(→ `+`− or h+h−).
FIG. 8 Production of dark photons: Bremsstrahlung, Anni-
hilation, Meson decay and Drell-Yan.
Different experiments use different production mecha-
nisms and, sometime, more than one simultaneously.
Detection of A′ is based on its decays modes. The de-
cay width of the massive dark photon A′ into SM leptons
` is
Γ(A′ → `+`−) = 1
3
α ε2mA′
√
1− 4m
2
`
m2A′
(
1 +
2m2`
m2A′
)
,
(105)
which is only open for mA′ > 2me. Similarly, the width
into hadrons is
Γ(A′ → hadrons) = 1
3
αε2mA′
√
1− 4m
2
µ
m2A′
(
1 +
2m2µ
m2A′
)
R ,
(106)
where R ≡ σe+e−→had/σe+e−→µ+µ− .
Since all visible widths are proportional to ε, the
branching ratios are independent of it.
At accelerator-based experiments, several approaches
can be pursued to search for dark photons depending
on the characteristics of the available beam line and the
detector. These can be summarized as follows:
- Detection of visible final states: dark photons with
masses above ∼ 1 MeV can decay to visible fi-
nal states. The detection of visible final state is
a technique mostly used in beam-dump and col-
lider experiments, where typical signatures are ex-
pected to show up as narrow resonances over an
irreducible background. Collider experiments are
typically sensitive to larger values of ε (ε > 10−3)
than beam dump experiments which typically cover
couplings below 10−3.
Missing momentum/energy techniques: invisible
decay of dark photons can be detected in fixed-
target reactions as, for example, e−Z → e−ZA′
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FIG. 9 Decay of the massive dark photon into visible (SM
leptons or hadrons) and invisible (DM) modes
(Z being the nuclei atomic number) with A′ → χχ
and χ being a putative dark matter particle, by
measuring the missing momentum or missing
energy carried away from the escaping invisible
particle or particles. The main challenge for this
approach is the very high background rejection
that must be achieved, which relies heavily on
the detector hermeticity and, in some cases, on
the exact knowledge of the initial and final state
kinematics.
- Missing mass technique: this technique is mostly
used to detect invisible particles (as DM candi-
dates) in reactions with a well-known initial state,
as for example e+e− → A′γ, with A′ → χχ. It
requires detectors with very good hermeticity that
allow to detect all the other particles in the final
state. Characteristic signature of this reaction is
the presence of a narrow resonance emerging over a
smooth background in the distribution of the miss-
ing mass. The main limitation of this technique is
the required knowledge of the background arising
from processes in which particles in the final state
escape the apparatus without being detected.
2. Visible and invisible massive dark photon
In collecting the limits on the parameters of massive
dark photon is important to distinguish two cases ac-
cordingly on whether its mass is smaller or larger than
twice the mass of the electron, the lightest charged SM
fermion.
The dark photon is visible if its mass is MA′ > 2me ' 1
MeV because it can decay into SM charged states which
leave a signature in the detectors. We discuss the limits
on the visible dark photon in section III.A.1.
In the same regime for which MA′ > 1 MeV, however,
the massive dark photon could also decay into dark sector
states if their masses are light enough. In this case we
have a non-vanishing BR into invisible final states. The
invisible decay into these states of the dark sector χ in
given by
Γ(A′ → χχ¯) = 1
3
αDmA′
√
1− 4m
2
χ
m2A′
(
1 +
2m2χ
m2A′
)
.
(107)
Dark photons decays into this invisible channel if mA′ >
2mχ; this channel dominates if αD  αε2.
Most of the experimental searches with dark photon in
visible decays assume that the dark-sector states are not
kinematically accessible and the dark photon is visible
only through its decay into SM states. The limits need
to be re-modulated if the branching ratio into invisible
states is numerically significant or even dominant. The
experimental searches are based on different signatures,
mostly missing energy and momentum, like for decays
with neutrinos in the final states. We discuss this case in
section III.A.2 below.
If the mass of the dark photon is less than 1 MeV, it
cannot decay in any known SM charged fermion and its
decay is therefore completely invisible. The experimen-
tal searches for dark photon into invisible final states are
based on the energy losses that the production of dark
photons, independently of his being stable or decaying
into dark fermions, implies on astrophysical objects like
stars or in signals released in direct detection dark mat-
ter experiments. The experimental limits in the case of
the invisible dark photon are discussed in section III.A.3
below.
A. Limits on the parameters ε and mA′
As discussed, the space of the parameters (the mixing ε
and the mass mA′ of the dark photon) is best spanned in
two regions according on whether the mass mA′ is larger
or smaller than twice the mass of the electron: Roughly
1 MeV.
1. Constraints for mA′ > 1 MeV with A
′ decays to visible final
states
Two kinds of experiments provide the existing lim-
its on the visible massive dark photon in the region of
mA′ > 1 MeV: experiments at colliders and at fixed-
target or beam dumps. In both cases the experiments
search for resonances over a smooth background, with a
vertex prompt or slightly displaced with respect to the
beam interaction point in case of collider, or highly dis-
placed in case of beam dump based experiments. The
two categories are highly complementary, being the first
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FIG. 10 Top plot: Existing limits on massive dark photon for mA′ > 1 MeV from di-lepton searches at experiments at
collider/fixed target (A1 (Merkel et al., 2014), LHCb (Aaij et al., 2018b), BaBar (Lees et al., 2014), KLOE (Anastasi et al.,
2016; Archilli et al., 2012; Babusci et al., 2013, 2014), and NA48/2 (Batley et al., 2015)) and old beam dump (E774 (Bross et al.,
1991), E141 (Riordan et al., 1987), E137 (Batell et al., 2014; Bjorken et al., 1988), and CHARM (Bergsma et al., 1985)). Bounds
from supernovae (Dent et al., 2012; Dreiner et al., 2014) and (g− 2)e (Pospelov, 2009) are also included. Bottom top: Colored
curves are projections for existing and proposed experiments: Belle-II (Altmannshofer et al., 2019) at SuperKEKb; LHCb
upgrade (Ilten et al., 2016, 2015) at the LHC; NA62 in dump mode (Cortina Gil et al., 2019a) and NA64(e)++ (Banerjee et al.,
2018a) at the SPS; FASER and FASER2 (Feng et al., 2018) at the LHC; SeaQuest (Berlin et al., 2018) at Fermilab; HPS (Adrian
et al., 2018) at JLAB; an NA64-like experiment at AWAKE (Caldwell et al., 2018), and an experiment dedicated to dark photon
searches at MESA (Doria et al., 2018, 2019). For masses above 10 GeV projections obtained for ATLAS/CMS during the high
luminosity phase of the LHC (HL-LHC (Curtin et al., 2015)) and for experiments running at the FCC-ee (Karliner et al., 2015)
and FCC-hh (Curtin et al., 2015) are also shown. The vertical red line shows the allowed range of e −X couplings of a new
gauge boson X coupled to electrons that could explain the 8Be anomaly (Feng et al., 2016, 2017). The existing limits are
shown as gray areas. The bottom plot is revised from (Beacham et al., 2019). See text for more details.
category mostly sensitive to relatively large values of the mixing parameter ε, (ε > 10−3) and the dark photon
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mass (up to several tens of GeV for pp collider experi-
ments), while the second is sensitive to relatively small
values (10−7 ∼< ε ∼< 10−3) in the low mass range, mA′
less than few GeV.
• Experiments at colliders. These experiments search
for resonances in the invariant mass distribution of
e+e−, µ+µ− pairs. Different dark-photon produc-
tion mechanisms are used in the different experi-
ments: meson decays (pi0 → γA′, NA48/2 (Bat-
ley et al., 2015)), bremsstrahlung (e−Z → e−ZA′,
A1 (Merkel et al., 2014)), annihilation (e+e− →
γA′, BaBar (Lees et al., 2014)), and all these
processes in different searches at KLOE (Anas-
tasi et al., 2016; Archilli et al., 2012; Babusci
et al., 2013, 2014). In a proton-proton (pp) col-
lider the dark photon is produced via the γ − A′
mixing in all the processes where an off-shell pho-
ton γ∗ with mass m(γ∗) is produced: meson de-
cays, bremsstrahlung, and Drell-Yan production.
LHCb (Aaij et al., 2018b) has performed a search
for dark photon decaying in µ+µ− final states using
1.6 fb−1 of data collected at the LHC pp collisions
at 13 TeV centre-of-mass energy.
Fig. 10 (top) shows the existing limits for NA48/2,
A1, LHCb, and BaBar; only one set of limits from
KLOE is shown since the others have been super-
seded by the limits from BaBar.
• Beam-dump experiments. These experiments use
the collisions of an electron or proton beam with
a fixed-target or a dump to generate the dark
photon via bremsstrahlung (electron and proton
beams), meson production and QCD processes
(proton beams only). The products of the collisions
are mostly absorbed in the dump and the dark pho-
ton is searched for as a displaced vertex with two
opposite charged tracks in the decay volume of the
experiment.
Fig. 10 shows the limits from experiments at ex-
tracted electron beams (E141 (Riordan et al., 1987)
and E137 (Batell et al., 2014; Bjorken et al., 1988)
at SLAC, E774 (Bross et al., 1991) at Fermi-
lab) and at extracted proton beams (CHARM at
CERN (Bergsma et al., 1985)).
In addition, bounds on energy losses in super-
novae (Dent et al., 2012; Dreiner et al., 2014), as dis-
cussed in the massless case, provide further limits in the
region of small masses. Also the electron magnetic mo-
ment, with its very precise experimental determination,
can be used to set an indirect limit (Pospelov, 2009).
These limits are included in Fig. 10.
Recent constraints from ATLAS (Aad et al., 2014,
2016) and CMS (Khachatryan et al., 2016) would nomi-
nally cover the interesting region around 1 GeV for ε be-
tween 10−6 and 10−2 but unfortunately they have been
framed within a restrictive model and are not on the same
footing that the limits included in Fig. 10.
Additional limits (not included in Fig. 10) from cos-
mology (CMB and BBN) exist in the very dark region of
very small ε < 10−10 (Fradette et al., 2014).
Looking at Fig. 10 (top) it is clear that it would be
desirable to first close the gap between the beam-dump
and the collider based experiments in the region between
tens of MeV up to 1 GeV in the dark photon mass, and
then extend the limits for larger masses. Both of these
goals could be achieved through a series of experiments
summarized here below whose sensitivity is shown in Fig-
ure 10 (bottom) as colored curves.
- Belle-II at SuperKEKB will search for visible dark
photon decays A′ → e+e−, µ+µ− where A′ is pro-
duced in the process e+e− → A′γ. The projections
shown in Fig. 10 is based on 50 ab−1 of integrated
luminosity (Altmannshofer et al., 2019).
- LHCb upgrade (phase I and phase II) at the LHC:
LHCb phase I will search for dark photon in visible
final states both using the inclusive di-muon pro-
duction (Ilten et al., 2016) and the D∗0 → D0e+e−
decays (Ilten et al., 2015). The projections are
based on 15 fb−1, 3 years data taking with 5
fb−1/year with an upgraded detector after the LHC
Long Shutdown 2. This can be further improved
with a possible Phase II upgraded detector (Aaij
et al., 2018a) collecting up to 300 fb−1 of integrated
luminosity after Long Shutdown 4.
- NA62++ or NA62 in dump mode at the SPS,
CERN, will search for a multitude of feebly-
interacting particles, including dark photon, decay-
ing into visible final states and possibly emerging
from the interactions of 400 GeV proton beam with
a dump. NA62 aims to collect approximately 1018
protons-on-target in 2021-2024 (Cortina Gil et al.,
2019a).
- NA64(e)++ at the SPS, CERN, is the upgrade of
the existing NA64(e) experiment. It aims to collect
about 5× 1012 electrons-on-target after the CERN
Long Shutdown 2 (Banerjee et al., 2018a).
- NA64-like experiment at AWAKE, CERN: progress
in the coming years in proton-driven plasma wake-
field acceleration of electrons at the AWAKE facil-
ity at CERN could allow an NA64-like experiment
be served by a high-intensity high energy primary
electron beam for search for dark photons in visible
final states (Caldwell et al., 2018). The sensitivity
plot has been obtained assuming ∼ 1016 electrons-
on-target with an energy of 50 GeV.
- FASER and FASER2 at the LHC, CERN:
FASER (Feng et al., 2018) is being installed in a
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service tunnel of the LHC located along the beam
collision axis, 480 m downstream from the ATLAS
interaction point. At this location, FASER (and
possibly its larger successor FASER2) will enhance
the LHC discovery potential by providing sensitiv-
ity to dark photons, dark Higgs bosons, heavy neu-
tral leptons, axion-like particles, and many other
proposed feebly-interacting particles (Ariga et al.,
2019). FASER and FASER2 aim to collect 150 fb−1
and 3000 fb−1 of integrated luminosity, respec-
tively.
- HPS at Jefferson Laboratory (JLab) The HPS ex-
periment (Adrian et al., 2018), proposed at an elec-
tron beam-dump at CEBAF electron beam (2.2-
6.6 GeV, up to 500 nA), search for visible (A′ →
e+e−) dark photon (prompt and displaced) decays
produced via bremsstrahlung production in a thin
W target. The experiment makes use of the 200
nA electron beam available in Hall-B at Jefferson
Lab.
- SeaQuest at Fermilab (FNAL) will search for visi-
ble dark photon decays A′ → e+e− at the 120 GeV
main injector proton beamline at FNAL (Berlin
et al., 2018). It plans to accumulate approximately
1018 protons-on-target by 2024.
- MAGIX or Beam Dump Experiment at MESA,
Mainz: The MESA accelerator is a continuous wave
linac that will be able to provide an electron beam
of Emax = 155 MeV energy and up to 1 mA cur-
rent (Doria et al., 2019). The MAGIX detector
is a twin arm dipole spectrometer placed around
a gas target and will search for search for visi-
ble (A′ → e+e−1) dark photon (prompt and dis-
placed) decays produced via bremsstrahlung pro-
duction (Doria et al., 2018). The possibility of a
beam dump setup experiment is also under study.
Timeline: targeted operations in 2021-2022 and 2
years of data taking.
- Experiments at a future e+e− circular collider,
FCC-ee: a powerful technique to be exploited at
experiments running at a future e+e− circular col-
lider is the radiative return, e+e− → A′γ,A′ →
µ+µ−. The results obtained in (Karliner et al.,
2015) have been rescaled to the integrated lumi-
nosities of 150 fb−1 at
√
s = 90 GeV and 5 ab−1 at√
s = 250 GeV, as in (Ellis et al., 2019).
- ATLAS/CMS at the high-luminosity phase at the
LHC and at a future pp circular collider: at pp col-
liders the dark photon can be produced via a Drell-
Yan process, pp→ A′ → e+e−, µ+µ−. The physics
reach of ATLAS/CMS like experiments have been
computed for
√
s = 14 TeV and 3 ab−1 and
√
s =
100 TeV, 3 ab−1 (Curtin et al., 2015).
2. Constraints for mA′ > 1 MeV with A
′ decays to invisible
final states
Different constraints apply in the case of massive dark
photon going into invisible final states in the mass region
mA′ > 1 MeV. In this case techniques like missing mo-
mentum, missing energy, and missing mass are used in
order to identify a possible massive dark photon decaying
into invisible final states.
The most stringent bounds come from BaBar (Lees
et al., 2017) and the electron beam dump NA64(e) ex-
periment at CERN (Banerjee et al., 2019) which re-
cently superseded the results from Kaon experiments
(E787 (Adler et al., 2002) and E949 (Artamonov et al.,
2009) at BNL, NA62 (Cortina Gil et al., 2019c) at
CERN). The existing bounds are depicted in the top
plot of Fig. 11 as colored areas. These limits over-
lap with the exclusion regions defined by the dark pho-
ton decays into visible final states for masses mA′ >
1 GeV and complement them in the range of masses
10 MeV ∼< mA′ ∼< 1 GeV and kinetic mixing strength
10−5 ∼< ε ∼< 10−3, where the searches of dark photon into
visible decays are typically weaker.
Sensitivities of existing or proposed experiments are
shown in the bottom plot of Fig. 11 as colored lines.
These include:
- NA64(e)++ with 5 × 1012 electrons-on-target will
search A′ → invisible final states with a missing
energy technique using a secondary electron beam
of ∼ 100 GeV at the CERN SPS (Banerjee et al.,
2018a).
- Belle II will search for dark photons in the pro-
cess e+e− → A′ and A′ → invisible (Altmannshofer
et al., 2019). Projections are based on 20 fb−1 of
integrated luminosity.
- KLEVER, proposed at the SPS, could search for
dark photons in invisible final states as a by-
product of the analysis of the KL → pi0νν rare
decay, pushing further the investigation performed
by traditional Kaon experiments in the mass region
between 100-200 MeV (Ambrosino et al., 2019).
- PADME (Raggi et al., 2015) will search for A′ →
invisible final states using the missing momentum
technique at the Beam Test Facility (BTF) at Lab-
oratori Nazionali di Frascati (INFN). It will use a
550 MeV positron beam on a diamond target. A
first commissioning run was performed in late 2018
and early 2019 to assess the detector performance
and beam line quality. A physics data taking to
collect 5 × 1012 positrons on target is expected in
the second part of 2020.
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FIG. 11 Existing limits (top, filled areas) and future sensitivities for existing or proposed experiments (bottom, colored curves)
for a massive dark photon going to invisible final states (αD >> αε
2). Top plot: Existing limits from Kaon decay experiments
(E787 (Adler et al., 2002), E949 (Artamonov et al., 2009), NA62 (Cortina Gil et al., 2019c)), BaBar (Lees et al., 2017), and
NA64(e) (Banerjee et al., 2019). The constraints from (g − 2)µ puzzle (Bennett et al., 2006) and (g − 2)e are also shown.
Bottom plot: Future sensitivities for NA64(e)++ (Banerjee et al., 2018a), Belle II (Altmannshofer et al., 2019), KLEVER (Am-
brosino et al., 2019), PADME (Raggi et al., 2015), LDMX@SLAC (Akesson et al., 2018a,b), and LDMX@CERN (Akesson
et al., 2018b; Raubenheimer et al., 2018). The sensitivity curves for LDMX@SLAC and LDMX@CERN assume 1014 electrons-
on-target and Ebeam = 4 GeV and 10
16 electrons-on-target and Ebeam = 16 GeV, respectively. The bottom plot is revised
from (Beacham et al., 2019). See text for details.
3. Constraints for mA′ < 1 MeV
Strong constraints exist for the invisible massive dark
photon in the region mA′ < 1 MeV. They come from
different sources:
• Atomic experiments: These experiments aim to
detect modifications of the Coulomb force (Bartlett
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FIG. 12 Current limits on massive dark photon for mA′ < 1 MeV. Top plot: Bounds from cosmology (CMB (Jaeckel et al.,
2008)), LSW (Ehret et al., 2010) atomic experiments, and astrophysics: Solar lifetime (SUN), red giants (RG), horizontal
branches (HB) (An et al., 2013; Hardy and Lasenby, 2017; Redondo and Raffelt, 2013)). Bottom plot: Zoom in the range
10−7 MeV ∼< MA′ ∼< 1 MeV and 10−17 ∼< ε ∼< 10−9 with the addition of the results from dark matter direct detection experi-
ments (XENON10 and XENON100 (An et al., 2013), XENON1T (Aprile et al., 2019); DAMIC (Aguilar-Arevalo et al., 2017);
SuperCDMS (Aralis et al., 2020); CDEX-10 (She et al., 2020); EDELWEISS-III (Armengaud et al., 2018); SENSEI (Abramoff
et al., 2019); XMASS (Abe et al., 2018), FUNK (Andrianavalomahefa et al., 2020)).
et al., 1970) and corrections in Rydberg
atoms (Jaeckel and Roy, 2010). The limits
on these deviations translate into bounds on the
massive dark photon mixing parameter;
• Experiments for axion-like particles: Experiments
of light shining through a wall (LSW) for axions
and axion-like particles can be adapted to the
dark photon and limits can accordingly be esti-
mated (Ehret et al., 2010);
• Astrophysics: The non-observation of anomalous
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energy transport (by the mechanism discussed in
section II.A) in stars on the horizontal branch starts
(HB), red giants (RG), the Sun, and supernovae
(SN) imposes severe constraints on the mixing pa-
rameter of the massive dark photon. Mixing effects
are important in these processes and one must use
thermal field theory (An et al., 2013; Hardy and
Lasenby, 2017; Redondo and Raffelt, 2013). The
dark photon partakes of the plasmon modes (see
appendix C) in an effective mixing with the ordi-
nary photon proportional to its mass (and vanish-
ing as it goes to zero);
• Cosmology: The resonant mixing between the or-
dinary and the massive dark photon is constrained
by the limit on the number of relativistic species at
the CMB epoch (Jaeckel et al., 2008).
• DM direct detection experiments: These exper-
iments are part of the on-going search for
DM through its direct detection. Data from
XENON10 and XENON100 (An et al., 2013)
(based on XENON10 (Angle et al., 2011)
and XENON100 (Aprile et al., 2014) data),
XENON1T (Aprile et al., 2019), DAMIC (Aguilar-
Arevalo et al., 2017), SuperCDMS (Aralis et al.,
2020), CDEX-10 (She et al., 2020), EDELWEISS-
III (Armengaud et al., 2018), SENSEI (Abramoff
et al., 2019), XMASS (Abe et al., 2018) and
FUNK (Andrianavalomahefa et al., 2020) can be
used to constrain the massive dark photon param-
eters.
These limits are shown in Fig. 12.
B. Constraints on y and mχ
If the dark sector states into which the invisible dark
photon decays are taken to be dark matter, there are
new limits involving also the coupling strength αD and
the connection to the direct-detection searches for dark
matter. As discussed in section I.C, the best way to plot
the experimental limits in this case is in terms of the yield
variable y, defined in Eq. (28), and the DM mass mχ.
The corresponding limits strongly depend on the na-
ture of the dark-matter state χ because the velocity de-
pendence of the averaged cross sections. In the case of
Dirac fermions, Planck data (Ade et al., 2016) rule out
sub-GeV dark matter because of their too large annihila-
tion rate at the CMB epoch. For this reason, pseudo-
Dirac fermions and scalars, which have velocity sup-
pressed annihilation cross sections, are usually studied.
The current bounds and future perspectives in the
plane y versus dark matter mass are shown in Fig. 13
under the hypothesis that the dark matter is a scalar par-
ticle and for a specific choice of αD (αD = 0.1) and the
ratio between the mediator and the dark matter masses
(mA′/mχ = 3). In these plots, the lower limit for the
thermal relic density is also shown, under that hypoth-
esis that a single dark-matter candidate is responsible
for the whole dark-matter abundance. It is worth not-
ing that results from accelerator-based experiments are
largely independent of the assumptions on a specific dark
matter nature as dark matter at accelerators is produced
in relativistic regime and the strength of the interactions
with light mediators and SM particles is only fixed by
thermal freeze-out.
Current bounds come from the same experiments using
missing energy/missing momentum techniques contribut-
ing to the {ε,mA′} sensitivity plot (BaBar and NA64(e))
with the addition of the re-interpretation of data from
old neutrino experiments (E137 (Batell et al., 2014) and
LSND (deNiverville et al., 2011)) and results from cur-
rent neutrino experiments (MiniBooNE (Aguilar-Arevalo
et al., 2018)) exploiting dark matter scattering on nucle-
ons and/or electrons.
Future initiatives that could explore a still uncovered
parameter space in the plane {y,mχ} for dark matter
masses below 1 GeV are all those that have sensitiv-
ity in the plane {ε,mA′} and, in addition, accelerator-
based and dark matter direct detection experiments
exploiting dark matter scattering against the nucle-
ons and/or electrons. Accelerator-based experiments
are SHiP at CERN (Anelli et al., 2015), and BDX at
JLab (Battaglieri et al., 2016) and SBND (Antonello
et al., 2015) at FNAL as explained below.
- BDX at JLAB: The Beam Dump eXperiment
(BDX) (Battaglieri et al., 2016) is aiming to detect
light dark matter χ produced in the interaction of
an intense (100 µA) 10 GeV electron beam with a
dump. The experiment is sensitive to elastic dark
matter scattering e−χ→ e−χ in the detector after
production in e−Z → e−ZA′(A′ → χχ).
- SBND is planned to be installed at the 8 GeV pro-
ton Booster Neutrino Beamline at FNAL about
470 m downstream of the beam dump (Antonello
et al., 2015). The dark matter beam is pri-
marily produced via pion decays out of collisions
from the primary proton beam, and identified via
dark-matter-nucleon or dark-matter-electron elas-
tic scattering in a LAr-based detector. SBND is ex-
pected to improve upon MiniBooNE by more than
an order of magnitude with 6 × 1020 protons-on-
target.
Also dark matter direct-detection experiments with
sensitivity below 1 GeV mass contribute to this plot.
These are:
- SENSEI is a direct detection experiment (Tiff-
enberg et al., 2017) that will be able to ex-
plore DM candidates with masses in the 1 eV
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FIG. 13 Existing limits (top, filled areas) and future sensitivities for existing or proposed experiments (bottom, colored
curves) for massive dark photon for mA′ > 1 MeV in the plane of the yield variable y as a function of DM mass mχ for an
elastic scalar DM particle. Top plot: Limits from BaBar (Lees et al., 2017), NA64(e) (Banerjee et al., 2019), reinterpretation
of the data from E137 (Batell et al., 2014) and LSND (deNiverville et al., 2011); result from MiniBooNE (Aguilar-Arevalo
et al., 2018); interpretation in the dark photon framework of data from XENON10 (Angle et al., 2011), XENON100 (Aprile
et al., 2016), CRESST-II (Angloher et al., 2016), and SENSEI operating with a 2 g detector in the NUMI tunnel (Barak
et al., 2020). Bottom plot: Projections for SHiP (Anelli et al., 2015), BDX (Battaglieri et al., 2016), SBND (Antonello
et al., 2015), LDMX@CERN (Akesson et al., 2018b; Raubenheimer et al., 2018), SENSEI with a proposed 100 g detector
operating at SNOLAB (Battaglieri et al., 2017), and SuperCDMS at SNOLAB (Agnese et al., 2017). The bottom plot is
revised from (Beacham et al., 2019).
and few GeV range, by detecting the signal re-
leased in dark-matter-electron scattering interac-
tions in a fully depleted silicon CCD. A 2-gram
detector is already operating in the NUMI ac-
cess tunnel (Barak et al., 2020). A larger project
(100 grams) can be deployed at SNOLAB if funding
30
is obtained (Battaglieri et al., 2017).
- CRESST-II (Angloher et al., 2016) uses cryogenic
detectors to search for nuclear recoil events induced
by elastic scattering of dark-matter particles in
CaWO4 crystals. Because of its low-energy thresh-
old, the sensitivity to dark matter was extended in
the sub-GeV region. Current bounds are derived
from a dataset corresponding to 52 kg live days.
- XENON10/XENON100 DM-electron scattering
searches have already illustrated their potential,
probing down to mχ > 5 MeV (Essig et al.,
2012a, 2017) using XENON10 data (Angle et al.,
2011) sensitive to single electrons and down to
mχ > 35 MeV using XENON100 data (Aprile et al.,
2016).
IV. CONCLUDING REMARKS
In the past 50 years is has been assumed that physics
beyond the SM interacted through (at least) some of the
same gauge interactions of the SM. The minimal super-
symmetric SM and weakly interacting massive dark mat-
ter are the two preeminent and most influential models
based on this paradigm.
This program is now running out of some of the initial
momentum because of the lack of the discovery of new
particles. In the absence of new states, the many param-
eters, for instance, of the minimal supersymmetric SM
are working against its usefulness, as a foil for the SM,
in mapping possible experimental discrepancies.
In more recent times—mostly under the influence of
this lack of any real signal of the breaking up of the SM—
a more general scenario has been attracting increasing
interest. Matter beyond the SM is part of a new sector
which is dark because it does not interact through the
SM gauge interactions. The dark sector may contain a
wealth of physics with many particles (some of which are
dark matter) and interactions.
From our side, in the visible world, we may glimpse this
dark sector through a portal. If it exists, this portal can
take various forms depending on the spin of the mediator.
We have reviewed the vector case in which the portal
arises from the kinetic mixing between the SM electric (or
hyper) charge gauge group and an U(1) gauge symmetry
of the dark sector.
The discovery of the dark photon is by far more inter-
esting than finding just a new particle because, if found,
this new gauge boson would be the harbinger of a new
interaction and of the existence of a whole new sector of
elementary particles.
Past and current experiments have already restricted
an important part of the space of the parameters of the
vector portal, both for the massless and the massive dark
photon. Compared to searches for models like supersym-
metry, the parameters are fewer and the signatures more
easily interpreted.
We are now on the verge of a new wave of experiments
aiming at further closing the windows left still open in
the interaction between ordinary matter and the dark
photon.
The constraints in the massless case seem to relegate
the possible detection of the dark photon to very large
values of the effective scale Λ, as we discuss in sec-
tion II.A. Exploring physics at such a large energy scale
requires the high sensitivity that can only be achieved
either in future lepton colliders (where the scaling with
the energy of the dark dipole operator will also enhance
its contribution) or in searches for rare flavor-changing
decays like those of the Kaon and B-mesons systems.
The constraints in the case of the massive dark photon
have left open two important regions in the parameter
space. The first one is for the visible dark photon with
masses around 100 MeV or larger and mixing parameter
between 10−6 and 10−4. Many future experiments aim at
looking into this range, as we review in section III.A.1. If
also this window will be closed, it means that the already
feeble interaction of the vector portal is very weak in-
deed. The second window is for the invisible dark photon
with a very light mass and a mixing parameter of order
O(10−5) or even lighter and with smaller mixing param-
eter, as discussed in section III.A.2 and III.A.3. These
two latter regions are of great interest for astrophysics
and cosmology and a very active area of speculations.
No single experiment or experimental approach is suffi-
cient alone to cover the large parameter space in terms of
masses and couplings that dark photon models suggest:
Synergy and complementarity among a great variety of
experimental facilities are paramount, calling for a broad
collaboration across different communities.
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Appendix A: Dark sector portal
The dark sector is assumed to interact with the visi-
ble, SM sector through relevant operators of dimension
four and five (and possibly sub-leading higher-order op-
erators). These portals are classified according to the
spin of the mediator field. We can have
• dark photon (spin 1): The portal operator arises
from the kinetic is mixing between the SM photon
field strength Fµν and a dark photon F
µν′:
ε
2
FµνF
µν′ ,
it is an operator of dimension four. It is assumed
that the dark photon is the main carrier of the in-
teraction among the dark sector states;
• axion (spin 0): The operator comes from the inter-
action between a pseudo-scalar, the axion a, and
the SM photon and fermions ψ:
a
fa
Fµν F˜
µν +
1
fa
∂µaψ γ
µγ5ψ ,
with operators of dimension four and five, respec-
tively; the physics of this portal is based on that
of the axion and related to the strong CP problem
as well as axion dark matter. In many cases, the
portal is generalized to an axion-like particle (ALP)
with similar couplings but without the constraints
of the QCD axion. The parameters of the portal
are two: the mass ma of the axion, or the ALP and
the scale fa. Often the ALP is the only member of
the dark sector of these models;
• scalar (spin 0): Interaction between a scalar S and
the SM Higgs boson H:
(µS + λS2)H†H ,
in this case the operators are of dimension three
and four. It is an extension of the scalar sector of
the SM originated in SUSY and sterile Higgs mod-
els. The experimental limits are often expressed in
terms of the two parameters ν and the mass mS of
the scalar singlet, and neglecting the quartic cou-
pling λ. In most models, the dark sector states have
Yukawa-like interactions with the scalar S;
• sterile neutrino (spin 1/2): Interaction between a
heavy fermion N , which is a SM singlet, the SM
Higgs boson and the SM fermions L:
yNLHN ,
with, again, an operator of dimension four. The
existence of heavy lepton-like fermions is suggested
by neutrino see-saw models and the possible ori-
gin of baryon-number asymmetry in the leptonic
sector. The experimental searches are framed in
terms of the parameter yN and the mass of the
heavy fermion N . The sterile neutrino can be the
only member of the dark sector or be one among
many other dark fermions.
More details on the various portals can be found in
the same references cited in the introduction: (Alekhin
et al., 2016; Alexander et al., 2016; Beacham et al., 2019;
Curciarello, 2016; Deliyergiyev, 2016; Essig et al., 2013;
Hewett et al., 2012; Raggi and Kozhuharov, 2015).
Appendix B: Boltzmann equation and relic density
This appendix includes a short summary of some re-
sults necessary to follow the discussion in the main text
about the relic density of DM and limits based on cosmol-
ogy. We follow the excellent review (Bauer and Plehn,
2019).
The rate Γ for a the interaction between two particles
is given as
Γ = nσ v , (B1)
the product of the corresponding cross section σ times
the number density of the particles partaking n, times
the their relative velocity v.
This process proceeds as long as the rate is larger than
the Hubble constant
H(T ) =
pi
√
g∗(T )√
90
T 2
mPl
, (B2)
where mPl the Planck mass and g∗(T ) is the number of
effective degrees of freedom at the given temperature is
given by
g∗(T ) =
∑
bosons
gb
(
Tb
T
)4
+
7
8
∑
fermions
gf
(
Tf
T
)4
, (B3)
where gb,f is the number of degrees of freedom of the
corresponding particle. The value of the function g∗(T )
goes from 106.5 above the EW phase transition to 3.38
at temperature around 0.1 MeV.
After Γ < H, the particles are decoupled and their
number density frozen.
The number density at the equilibrium at a given tem-
perature T (for kB = 1) is given by
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neq(T ) = g∗
∫
d3p
(2pi)3
1
eE/T ± 1 =

g∗
(
mT
2pi
)3/2
e−m/T non-relativistic (T  m)
ζ(3)
pi2
g∗T 3 relativistic bosons (T  m)
3
4
ζ(3)
pi2
g∗T 3 relativistic fermions (T  m) ,
(B4)
where ζ(3) ' 1.2
The number density n(t) of a weakly interacting, mas-
sive particle χ at a certain time t in the evolution of the
Universe is computed by means of the Boltzmann equa-
tion
n˙(t) + 3H(t)n(t) = −〈σχχ→ffv〉
(
n2(t)− n2eq(t)
)
, (B5)
where H(t) is the Hubble constant and 〈σχχ→ffv〉 is the
thermal average of the cross section for a pair of the par-
ticles χ, with relative velocity v = (s − 4m2χ)/m2χ, to
annihilate into SM fermions f ; this term depletes the
density as the particles χ turns into SM fermions. The
thermal average is defined as
〈σχχ→ffv〉 =
∫ 4m2χ
∞ ds
√
s(s− 4m2χ)K1
(√
s
T
)
σχχ→ff
8m4χT
[
K2
(mχ
T
)]2 ,
(B6)
where K1 and K2 are the Bessel function of second kind.
It is usually computed after expanding
〈σχχ→ffv〉 = 〈s0 + s1v2 +O(v4)〉 (B7)
with s0 the cross section in the s-wave and s1 the first
correction in the p-wave. The leading term is s0 for the
dark sector Dirac fermions interacting through the dark
photon, in both the s- and t-channel.
Eq. (B5) is usually re-written in terms of the func-
tion Y (t) = n(t)/T 3 and the variable x = mχ/T =√
2tH(T = mχ) as
dY
dx
= −λ(x)
x2
[
Y 2(x)− Y 2eq
]
(B8)
with
λ(x) =
m3χ〈σχχ→ffv〉
H(T = mχ)
, (B9)
and in this form numerically solved.
Eq. (B8) can be solved analytically by dropping the
second term Y 2eq(x)—which is small because decreasing
like e−x—approximating
〈σχχ→ffv〉 = σχχ→ffv +O(v2) , (B10)
where v =
√
2/x and writing
λ(x) =
√
180mPlmχ
pi
√
g∗x
σχχ→ff (B11)
by means of
H(T = mχ) =
pi
√
g∗(T = mχ)
90
m2χ
mPl
. (B12)
The solution for x′ larger than decoupling temperature
xd is
Y (x′) =
xd
λ
. (B13)
This quantity is related to the relic density
ρχ = mχn(x
′) = m4χ
Y (x′)
28xd
(B14)
or, in terms of the normalized quantity Ωχ = ρχ/ρc as
Ωχh
2 ' 0.12xd
23
√
g∗
10
1.7× 10−9GeV−2
〈σχχ→ffv〉
' 2.5× 10
−10 GeV−2
〈σχχ→ffv〉 , (B15)
which provides the relationship between relic density and
the annihilation cross section.
Appendix C: Thermal field theory
The energy loss rate Q (energy per volume and unit
time) for the emission of a pseudoscalar particle (the ax-
ion) in a process with matrix element ,which is computed
in the vacuum, is given by
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Q =
∏
i=1
∫
d3pi
2Ei(2pi)3
fi(Ei)
∏
f=1
∫
d3pf
2Ef (2pi)3
[1± ff (Ef )]
∫
d3pa
2ωa(2pi)3
ωa
× 1S
∑
spin and pol.
|M|2(2pi)4δ4
(∑
pi −
∑
pf − pa
)
, (C1)
where S is a symmetrization factor for identical particles.
In Eq. (C1), the medium is composed of the initial parti-
cles i and final particles f with the corresponding energy
ω and momentum p and with occupation number follow-
ing the distribution function (Fermi or Bose depending
on the particles) (kB = 1):
nj(Ej) = gj
∫
d2pj
(2pi)3
f(Ej) , (C2)
where gj is the degeneracy number. The emitted axion
carries energy ωa and momentum pa.
Given the squared matrix element
∑ |M|2 for the pro-
cess of interest, the electron and nucleon Bremsstrahlung
in section II.A, the corresponding luminosity can be com-
puted as
L =
∫
dVQ e−τ , (C3)
where τ is an attenuation factor taking into account the
optical depth of the emission, and compared to the ob-
servational data.
When the emitted particle mixes with the ordinary
photon, the approach above of computing the matrix ele-
ment in the vacuum is no longer a reliable approximation
and the full thermal field theory must be used. We follow
(Braaten and Segel, 1993) to give the essential formulas.
The electromagnetic polarization tensor is given by
Πµν(k) = 16piα
∫
d3pi
(2pi)3
1
2E
[ne(E) + ne¯(E)]
p · k (pµkν + kµpν)− k2pµpν − (p · k)2gµν
(p · k)2 − (k2)2/4 , (C4)
where kµ = (ω, k) and pµ = (E, p). The transverse and
longitudinal polarizations are defined as
ΠT (ω, k) =
1
2
(
δij − kikj)Πij(ω, k) (C5)
and
ΠL(ω, k) = Π
00(ω, k) . (C6)
The effective propagator of the photon (in the Coulomb
gauge) has components
D00(ω, k) =
1
k2 −ΠL(ω, k) (C7)
and
Dij(ω, k) =
1
k2 −ΠT (ω, k)
(
δij − kikj) . (C8)
The dispersion relationships are defined by the solutions
of the equations
ω2T = k
2 + ΠT (ωT , k) and ω
2
L =
ω2L
k2
+ ΠT (ωL, k)
(C9)
In the degenerate limit, the distribution functions in
Eq. (C2) reduce to step functions at the Fermi momen-
tum pF =
√
3pi2ne and we have
ΠT (ω, k) = ω
2
P
3ω2
2v2F k
2
(
1− ω
2 − v2F k2
2vFωk
log
ω + vF k
ω − vF k
)
(C10)
and
ΠL(ω, k) = ω
2
P
3ω
2v3F k
(
ω
2vF k
log
ω + vF k
ω − vF k − 1
)
(C11)
where ωP = 4αp
2
F vF /3pi is the plasma frequency.
The energy loss rate Q (energy per volume and unit
time) is written in terms of the imaginary part of the po-
larization of the photon in the medium of charged parti-
cles. The contribution of the longitudinal and transverse
modes is obtained (by the optical theorem) as
Q = −
∫
d3k
(2pi)3
Im ΠL(ω, k) + Im ΠT (ω, k)
ω(eω/T − 1) , (C12)
from which the luminosity in Eq. (C3) can be computed
and compared with the astrophysical limit of interest.
The expression for Im ΠL,T (ω, k) for the massive dark
photon can be found in (An et al., 2013; Redondo and
Raffelt, 2013) and (Hardy and Lasenby, 2017) where
plasma effects are also included.
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